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(54) Method of producing nucleic acid molecules wrth reduced secondary structure 



(57) The present invention provides a system tor 
generating nucleic acid molecules having reduced lev- 
els of secondary structure compared to nucleic acid mol- 
ecules of the same nucleotide sequence containing only 
naturally-occun-ing bases. Such molecules are referred 
to herein as "unstructured nucleic acids" (UNAs). UNAs 
have reduced levels of secondary structure because of 
their reduced ability to form intramolecular hydrogen 
bond base pairs between regions of substantially com- 
plementary sequence. Preferred UNAs. however, retain 
the ability to form intennolecular hydrogen bond base 
pairs with other nucleic acid molecules. 
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1. A luethod of producing an unstructured xiucleic acid, 
comprising the at«p« of i 

i) providing a nucleic acid teii5>lat« including a first 
nucleic acid sequence and a aecond nucleic acid 
eeqoeoce eubBtantially cooplementary to eaid firat 
nucleic acid sequence; 

ii) providing nucleic acid precursors to produce said 
unstructured nucleic acid vMeh ie con^plementary vdth 
said firat and aeeond nucleic acid aoquencas, said 
nucleotide preoureors being unable to hybridise with 
con5»lementary nucleotide precureora; and 

iii) contacting said nucleic acid tenplate and aaid 
nucleotide precursors with an enxyjne under conditions 
such that eaid unstructured nudeio acid is produced. 

2. The method according to claim 1, wherein the nucleic 
acid precursors eoaprise at least two auoieotides capable of 
being incorporated enayraatically into a polynucleotide, and 
wherein said at least two nucleotides are unable to form 
intramolecular base pairs but can form intermolecular base 
pairs. 

3. The method of claim 1 or claim 2. wherein the sequejaoee 
coinplemeaitary to said first nucleic acid sequence and said 
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eaoA another. 



4. The tnathod according to any om of the preceding 
claims, wherein atep ii} eortprieee pro>riding5 

a) 2^«ninodecayadenoBine S'-triphosphace. and 2- 
tliiodeoxythymidine 5' -triphoepbate, or 

b) 2-aminodeoxyad«noaina 5' •triphospHate, 2- 
thiodeoxytUymidia. B'-triphoaphata, deaKygu^ioaine S'- 
triphosphata. and deoxyoytidine S'^tripbofil^te; or 

e) inoaina S'-triphoaphate, and pyrrolopyriioidine 5'- 
triphospjiat*; 

d) 2-aminod«oxyadenoaine S' -triphosphate. 2- 
thiodeoxythymidina 5' -triphosphate. de«yinosine 5- 
triphoephate, and deoxypyrrolopyrimidine 5'- 

triphosphata; or 

e) deoxyguaaofline 5 ' -triphosphate . and 2- 

thiodearyoytidine; or 

f ) - deoxyadenoaine S' -thiodeoxycytidine.5' -triphosphate, or 

g, 2-aminoad«iosine, 2-thiothy«idina, inosine. and 

pyprolopyrin^dine; or 

h) 2-a«inodeoxyadenoaine 5 ' -triphosphate, 2- 
thiodeoxythymidine S'.triphos0ate, deoxyguanosine 5'- 
triphosphate/and 2-thiode«cycytidine 5' -trlphosi^te; 

or 

i) mixturae thereof. 



5. The 



method according to any one of the preceding 



clalois. wherein said enayi* is selected from the group 
coneisting of: m polymerese. DWV polyiteraee, reveree 
cranscriptaae. ribozy»ee. eelf-replicating RWV molecules aiuJ 

,Bixturas thereof. 

6 unstructured nucleic acid with reduced secondary 

structure relative to a nucleic acid of substantially 
identical nucleotide sequence having naturally occurring 
bases, wherein the unstructure xmcleic acid has at least two 
sequence eletnents that are co««>le»entary, wherein the 
con^lenentary sequence elements do not form intramolecular 
base pairs, wherein at least one sequence element of at 
least two ccnplementary sequence elen^ixts is capable o£ 
hybridising to a substantially con?»lementary sequence in 
another nucleic acid. 

7. The unstructured nucleic acid of claim 6. wherein the 
B.«cleic.acid:Ls synthesized by an ensyme, and optionally the 
ensyme is selected from the group consisting oft PNA 
polymerase, OKA polymerase, reverse transcriptase, riborymes 
and self -replicating RNA molecules. 

8. The unstructured nucleic acid of claim S or claim n. 
Wherein the nucleic acid is at least HO nucleotides in 
length. 



9- 



The unstructui^d nucleic acid of claim claim 7 or 
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claim 8, vberein nucleic acid eonpriMS 2-aiidJQoad0t3LiM and 
2 - thiotlr/miditta . 

I 10. The unstructured nucleic acid o£ any one of claims 6 to 

B producible by the method of any one of claims l to 5, 
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[57] ABSTRACT 
The disclosure describes a method for incorporating 
into double stranded DNA and RNA base pairs com- 
posed of pairing units that fit the Watson-Cnck geomc- 
iTv in that they involve a monocydic six membered rmg 
paring with a fused bicyclic heterocyclic ring system 
imposed of a five member ring fused with a six roem- 
beredring. with the orientation oftheheterocycl^ with 
^^pect to each other and with re^t to the bacW)one 
ch^ analogous to that found m DNA and R^TA. but 
with a pattern of hydrogen bonds holding ihehzsc pa^ 
together different from that found m the AT and GC 
base pairs (a "non-standard base pair")- 
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Figure 1: The two natural base pairs formed between the four natural bases 
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Figure 2: Examples of 4 non-standard base pairs fonned between 8 non-standard bases 
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Figure 3: Novel base pair discussed by Zubay 
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Rgure 5: Templates used in the Examples 



Templates for T7 RNA polymerase 



d-5'-(3ffITrGA 
d-3 ' -CIAAAACrGGKGA 

d-5'-<3AITTK3V 

d-3 ' K^AAAACTGGiscKia 

d-S'-GATTTKSV 

d-3 ' -^l^IAAAACrQGrG^ 

d-5 ' -GEiTTTTGl 

d-3 ' -CTAAAACTGQCm 



Templates for DNA polymerase 

d-5 ' -TaAI2030CACTAIAG 

d-3 ' -MTAia:nX3RGIX3\IAlCGCX3QCK^ 

d-5 ' -TAAIRCG?0C30mG 

d-3 • -MTMO::TGAGTGAIAT0GCX9QCiso-CXJa. 

d-5 ' -TAAIA0GftCTC2O3aftG 

d-3 ' -mATOCTGRGTGMMOXlQQCCOGA. 
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rosequenoe nucleic adds by enzymes such as DNA and 
METHOD FOR INCORPORATING INTO A DNA RNA polymerase, and in the polymerase chain reaction. 
OR RNA OLIGONUCLEOTIDE USING The Watson-Crick pairing rules can be understood 

NUCLEOTIDES BEARING HETEROCVCLIC chemically in terms of the arrangement of hydrogen 
BASES S bonding groups on the heterocyclic bases of the oligo- 

nucleotide, groups that can either be hydrogen bond 
BACKGROUND OF THE INVENTION donors or acceptors (FIG. 1). In the standard Watson- 

FIELD OF THE INVENTION Crick geometry, a large purine base pairs with a smaH 

ric^v-rr i«t,^iY*^^**v^i^ pynmidme base; thus, the AT base pair IS the same sue 

This invention pertains to increasing the number of lo as a GC base pair. This means that the rungs of the 
building blocks that can be incorporated independently DNA ladder, formed from either AT or GC base pairs, 
into oligonucleotides via DNA and RNA polymerases, , all have the same length. 

and nucleoside analogs capable of forming non-standard Further recognition between bases is determined by 
Watson-Crick base pairs joined by patterns of hydrogen hydrogen bonds between the bases. Hydrogen bond 
bonding different from those found in the adenine-thy- is donors are heteroatoms (nitrogen or oxygen in the natu- 
mine and cytosme-guanine base pairs. ral bases) bearing a hydrogen; hydrogen bond acceptors 

CTTT^yrMAPvrfcP-rwPTxrvPTsrrrnv *^ heteroatoms (nitrogen or oxygen in the natural 

SUMMARY OF THE INVENTION ^^^^ ^ j^^^ of dectrons. In the geometry of 

The objective of this invention is to increase the num- the Watson-Crick base pair, a six membered ring Qn 
ber of independently replicatable building blocks that 20 natural oligonucleotides, a pyrimidine) is juxtaposed to 

can be incorporated into DNA and RNA via template a ring system composed of a fused six membered ring 

directed polymerization. The objective is accomplished and a five membered ring (m natural oligonucleotides, a 

by a method for incorporating into double stranded purine), with a middle hydrogen bond linking two ring 

DNA and RNA base pairs composed of pairing units atoms, and hydrogen bonds on dther side joining func- 

that fit the Watson-Crick geometry in that they involve 25 tional groups appended to each of the rings, with donor 

a monocyclic six membered ring pairing with a fused groups paired with acceptor groups (FIG. 1). 

bicyclic heterocyclic ring system composed of a five Derivatized oligonucleotide building blocks, where a 

member ring fused with a six membered ring, with the side chain has been appended to one of the nucleoside 

orientation of the heterocycles with respect to each bases A, T, U, G, or C (the '*normal" bases), have appli- 

other and with respect to the backbone chain analogous 30 cation because of their combination of Watson-Crick 

to that found in DNA and RNA, but with a pattern of base pairing and special reactivity associated with the 

hydrogen bonds holding the base pair together different chemical properties of the side chain. For example, 

from that found in the AT and GC base pairs (a ''non- oligonucleotides containing a T to which is app>ended a 

standard base pair**)- side chain bearing a biotin residue can first bind to a 

^T^TT^^ «^^<^^T«-rw,^/-.«.^ T-T^TTr««-<^ 35 complemcntary oligonucleotide, and the hybrid can 

BRIEF DESCRIPTION OF HGURES q^J^^ -^^^ virtue of the specific iffinity of 

FIG. 1: The two natural base pairs formed between biotin to avidin (Langer, P. R.; Waldrop, A. A.; Ward, 
the four natural bases D. C (1981) Proc Nat Acad ScL 78, 6633-6637), and 

FIG. 2: Genera] structure of four novel base pairs finds application in diagnostic work. Oligonucleotides 
formed between eight novel bases disclosed here 40 containing special functional groups (e.g^ thiols or hy- 

FIG. 3: Novel base pair discussed by Zubay drazines) can be inmiobilized to solid supports more 

FIG. 4: Generalized structures readily than those composed solely of the five **natural" 

FIG. 5: Templates used in the examples bases. 

<r^^r.^T«v^^^T m^^^-n-T^-^-p.^ Often, derivatized building blocks can be incorpo- 

DESCRIPTIWOF Tl^ 45 oUgonucleotides by enzymatic transcription 

£MBODIM£NT5 natural oligonucleotide templates in the presence of 

Natural oligonucleotides bind to complementary oli- the triphosphate of the derivatized nucleoside, the sub- 
gonudeotides accordmg to the well-known rules of strate of the appropriate (DNA or RNA) polymerase, 
base pairing first elaborated by Watson and Crick, In this process, a natural nudeo^de is placed in the 
where adenine (A) pairs with thymine (T) or uradl (U), 50 template, and standard Watson-Crick base pairixig is 
and guanine (O) pairs with cytosine (Q, with the com- exploited to direct the incoming modified nucleoside 
plementary strands anti-parallel to one another. These opponte to it in the growing oligonucleotide chain, 
pairing rules allow for the spedfic hybridization of an However, the presently available base pairs are lim* 
oligonudeotide with complementary oligonudeotides, ited in that there are only two mutually excluave hy- 
makmg oligonudeotides valuable as probes in the labo- 55 drogen bonding patterns available in natural DNA. This 
ratory, in diagnostic applications, as messages that can means that should one wish to introduce a modified 
direct the synthesis of specific proteins, and in a wide nucleoside based on one of the natural nudeosides into 
range of other applications well known in the an. F^- an oligonucleotide, it wodd be incorporated wherever 
ther, the pairing is the basis by which enzymes are able the complementary natural nudeoside is found In the 
to catalyze the synthesis of new oligonudeotides that 60 template. For many applicationSi this is undesirable, 
are complementary to template nudeotides. In this Many of the limitations that anse from the exist enc e 
synthesis, building blocks (normally the triphosphates of only four natural nudeoside bases, joined in only two 
of ribo or deoxyribo derivatives of A, T, U, C, or G) are types of base pairs via only two types of hydrogen 
directed by a template oligonucleotide to form a com- bondmg sdiemes, could be overcome were additional 
plementary oligonucleotide with the correct sequence. 65 bases available that codd be incorporated into oligonu- 
This process is the bases for replication of all forms of deotides, where the additioxtal bases presented patterns 
life, and also serves as the basis for all technologies for of hydrogen bond donating and accepting groups in a 
enzymatic synthesis and amplification of specific hete- pattern different from those presented by the natural 
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bases, and therefore could fonn base pairs exclusively structural unit that is likely to be unstable in acidic 
with additional complementary bases. The purpose of solution. Thus, we doubt that it can be incorporated 
this invention is to describe compositions of matter into an oligonucleotide by enzymatic transcription of a 
containing these additional bases, and methods for their complementary oligonucleotide, 
incorporation mto analogs of oligonucleotides. 5 Zubay discloses neither experimental studies with his 

In the nataraUy-occurring base pairs, the pyrimidines suggested base nor the potential utility of a new base 
components present an acceptor-donor-acceptor (T) or pair that would arise were the new base a substrate for 
a donor-acceptor-acceptor (C) pauem of hydrogen DMA and RKA polymerases present b the modem 
bonds to a purine on an opposite strand. This invention world. Further, the possibility of constructing addi- 
is based on the fact that bases with other patterns of 10 tional base pairing schemes (such as the non-standard 
hydrogen bond donating and accepting groups can fit base pairs disclosed in FIO. 2), was explicitly denied, 
the standard Watson-Crick geometry. For example, Zubay writes 'We have searched for other purine- 
FIG. 2 discloses four base pairs that have still different pyrimidine base pairs with different arrangements of 
patterns, an acceptor-accepcor-donor pattern for iso-C, hydrogen bonding groups that would satisfy the crite- 
and donor-acceptor-donor pattern for K. Bases, pairing IS rion of exclusive pairing. No additional pairs have been 
schemes, and base pairs that have hydrogen bonding found. T^us except for modifications at non-hydrogen 
. patterns different from those found in the AT and GC bonding sites the additional base pair described here 
base pairs are here termed "non-standard". Although may be unique. "This conunent from a prominent figure 
not found (so far) in Nature, the non-standard base pairs in American biochemistry supports the notion that the 
shown in FIG. 2) apparently can fit into the DNA lad- 20 invention disclosed here, where DNA and RNA 
der in a standard Watson-Crick duplex. polymerases can be used in a method to incorporate 

Further, the patterns of hydrogen bonds in these non-standard base pairs into oligonucleotides, is not 
non-standard pyrimidines are different from each other, obvious to one skilled in the art 
and different from those in the natural pyrimidines T Should the additional base pairs disclosed in FIG. 2 
and C. This suggested that in an enzyme-catalyzed pol- 25 be incorporated enzymatically into DNA and RNA, 
ymerization, it might be possible for each non-standard they could be useful for a variety of purposes. For cx- 
pyrimidine to recognize uniquely its complementary ample, RNA molecules prepared by transcription, al- 
purine with high fidelity. Thus, it should be possible to though it is known to be a catalyst under special circum- 
make copies of a DNA molecule containing all 12 bases stances (a) Cech, T. R.; Bass, B. L. Anru Rev, Biockem. 
simply by following an expanded set of Watson-Crick 30 1986, 55, 599. (b) Szosts^ J. W. Nature 1986, 332, 83. (c) 
rules: A pairs with T, G pairs with C, iso-C pairs with Been, M D.; Cech, T. R. Science 1988, 239, 1412), ap- 
iso-G, and K pairs with X, H pairs with J, and M pairs pear to have a much smaller catalytic potential then 
with N (FIG. 2). In other words, it should be possible to proteins because they lack building blocks bearing func- 
have a genetic alphabet with twelve bases instead of tional groups. Conversely, the limited functionality 
four. 35 present on natural oligonucleotides constrains the 

Statements considering non-standard base pairs in a chemist attemptmg to design catalytically active RNA 
general way can, to our knowledge, be found only three molecules, in particular, RNA molecules that catalyze 
times previously in the literature. Considering possible the template-directed polymerization of RNA. 
bases that might have been incorporated into nucleic Additional base pairs could relax these constraints, 
acids in the first forms of life on the earth two to four 40 espcciaUy if their hydrogen bonding pattern differed 
billion years ago, Rich mentions the base pair between from those in the AT and GC base pairs, as novd hy- 
iso-G and iso-G (Rich, A. (1962), Horizons in Biochem- drogen bondmg schemes would allow additional base 
istry. Kasha, M. and Pullman, B. editors, N.Y., Aca* pairs to be incorporated enzymatically at speci^c posi- 
demic Press, 103-126) as a base pair that was conceiv- tions in an oligonucleotide molecule (Switzer, C. Y, 
able, but rejected, by the earliest forms of life. How- 45 Moroney, S. £. & Benner, S. A 7. Am. Chem Soc^ 
ever, Rich did not disclose nor make obvious the pro- 1989, 111, 8322). If fimctionalized, such additional bases 
cess disclosed here employing contemporary DNA and should also allow the incorporation by transcription of 
RNA polymerases as part ofa process for incorporating functional groups directly into RNA; the remaining 
the base pair between iso-G and iso-G into oligonudeo- unfunctionalized building blocks could then control 
tides. Saenger (Saenger, W. (1988) Principles of Nucleic 50 secondary structure without introducing over-function* 
Add Structure New York, Springer- Verlag, pages alization and attendant non-specific ca^ysis. Further, 
1 14-1 15) also mentions this base pair, but concludes, bases bearing functional groups at the position structur- 
based on the fact that tso-G has a alternate tautomeric ally analogous to the 5-position of the uridine ring 
forms (vide infra), that it has no utility as part of an should be substrates for most polymerases (Leary, J. 1^ 
oligonucleotide that is to be copied. 55 Brigati, D. J. & Ward, D. C Proc Natl Acad. Sci. 1983, 

Zubay (Zubay, G. (1988) The Roots of Modem Bio- 80, 4045). New base pairs should also find use in studies 
chemistry, Kletnkauf, von Doehren, Jaenicke, Berlin, of the structure of biologically important RNA and 
Walter de Gruyter & Co. 911-916) suggested that 2,4- DNA molecules (Chem. T. rI, Churchill, M. £. A. 
diamino-5,6-dihydropyryimidine-l-riboside, with a do- Tullius, T. D. Kallenbach, N. R., Seemann, N. C (1988) 
nor-acceptor-donor pattern, might be able to pair with 60 Biochem^ 27, 6032) and protein-nudeic add interac- 
xanthosine (FIG. 3). In Zubay's suggested pyrimidine, tions. Several types of catalytic RNA molecules con- 
however, the pyriniidine ring is not aromatic and there- taining natural bases have been proposed as anti-viral 
fore not planar. Although it has never been examined agents, for use in agriculture, and in other areas. (Hasd* 
experimentally, we believe on these grounds that it oS; Gerlach, W. L. Nature^ 1988, 334, 585; Sarver, 
would not participate wdl in "base stacking," the inter- 65 N.. Cantin, E M., C^ang, P. S., Zaia, J. A., Ladn e , P. 
action (vide supra) that is important for the stability of A., Stephens, D. A^ Rossi, J. J. Science, 1990, 247 
a double helix. Further, Zubay's base incorporates the 1222-1225). Catalytic RNA molecules incorporating 
structural unit known as a * Vinylogoos enanune**, a additional bases should be even more useful in certain of 
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these applications. A segment of DNA or RNA con- 3j3-I>.ribofurano$yKl-methyl-pymolo[4,W]pyriini- 
taining the additional bases could be repUcated only in dine-5,7(4H,6H>dione), also known as 7-methyl oxofor- 
the presence of triphosphates of the complementary mycin B, have been found to fonn base pairs with K 
additional bases, allowing the selective copying of when incorporated into DNA and RNA. 
DNA containing the additional bases in the presence of 5 

DNA containing normal bases, and vice versa. More EXAMPLE 1 

speculatively, the extra letters in the nucleoside alpha- The K-P Base Pair 

bet might eventually be used to expand the genedc * -j- ^ ^ * 

code, increasing the number of amino acids that can be . . pynnudme 3^-D-ribofurBnosyK2,6- 

nicorporated tianslationally into proteins Noren. C. J., 10 dianunopyrimidine), triviaDy designated as K, presents 
Anthony-QMl, & J., Griffith. M C & Schultz, P. G. ^ donor-acceptor-donor hydrogen bonding pattern to a 
" Science^ 1989, 244, 182; J. D. Bam, J. C G. Glabe, T. A complementary strand in a duplex structure. K as a 
Dix, A. R. Chamberlain /. Am. Chem, Soc 1989, 111 deoxyriboside derivative suitable for automated DNA 
8013-8014. * ' synthesis was synthesized from a known precursor by 

The process disclosed here involves the incubation of 15 ^ovm in the prior art C K. Chu, U. Reichman, 

an oUgonudeotide template containing one or more ^ ^ Watanable, J. J. Fox. /. Org^ Chem. 1977, 42. 71 1. 
non-standard bases with either a DNA or RNA poly- punnc analogs were chosen to complement K. 

merase (Uhlenback. O. C Nature, 1987, 328, 18) in the ^® pC), is a natural base available 

presence oftriphosphates of the complementary nucleo- conunerdally as both the nucleoside and nucleoside 
sides. 20 ^^^osphate. However, because of concerns that deox- 

Experiments with iso-C and iso-G (HG, 2) have y^tanthosme might undergo depurination in some of the 
shown that bases with novel hydrogen bonding planned, another complementary base. 3-)5-D- 

schemes can be incorporated by DNA and RNA ribofuranosyl-(l-methyl-pyrazolo[4,3-d]pyrimidine- 
polymerases. Thus, this base pair fulfills the criteria 5.7(4H.6H)-dione) (B. G. Ugarkar. G. R. Revankar, R. 
outlined above. However, certain forms of iso-C were 25 ^ I^obins, /, Hetervcycl Chem^ 21, 1965-1870 (1984)), 
found to hydrolyze slowly to U under conditions of known as 7-methyl oxoformycio B, and trivially 

DNA synthesis, introducing into a template a base that designated here as P, was prepared by routes known in 
paiis with A in the place of a base that pairs with iso-G. ^® P"^ art. In P, the heterocyclic base is joined to the 
Further, iso-G exists to some extent in a minor tauto- pentose ring by a carbon-carbon bond, 
meric form that is complementary to U and T. AI- 30 ^ physical and chemical proper- 

though the existence of a minor tautomeric form of siutable as repHcatable components of a genetic 

iso-G has some advantages in certain circumstances alphabet (J. A. Piccirilli. T. Krauch. S. E. Moroney, S. 
(e.g., when one wishes to introduce iso-G into an oligo- ^ Benner, Nature, 343, 33-37 (1990). In a solution of a 
nucleotide duplex opposite U or T), these problems derivative of K in chloroform, a strong nuclear Over- 
complicate the selective bcorporation of the iso-O^iso- 35 ^user enhancement (NOE) between the proton at CI' 
G base pair in oligonucleotides also containing A and T. of ribose ring and the proton at C4 of the heterocy- 
Therefore, the search for a preferred embodiment was "nS suggested that K adopts the undesired syn 

directed towards base pairs in FIG. 2 where the non- conformation when alone in solution. However upon 
standard base is joined to the sugar by a carbon-carbon addition of a protected derivative of the complementary 
bond, where chemical considerations suggested that 40 P^^c nucleoside P, this NOE largely disappeared, 
hydrolysis and tautomeric equilibria might be less prob- Further, when both K and its complement are present, 
lematxc. the resonances assigned to the amine protons of K shift 

Much work was directed towards the pyridine nude- strongly do wnfield^ as docs the resonance of P assigned 
oside analog, 3-^-D-ribofuranosyl-(2,6-diaminopyri- to the nitrogen flanked by the carbonyl groups. These 
dine). However, liie presently preferred base pairs are 45 fects together show that K and P form a standard Wat- 
those where the six-ring pyrimiidine analog is jomed to son-Crick base pair in a solution of chloroform, 
a ribose or deoiyribose ring via a caibon-caibon bond. To determine the effect of a base pair between K and 
and where the pyrimidine analog contains at least two P on the stability of a DNA duplex, several oligonucleo- 
nitrogens in the ring itself. Give an appropriate arrange- tides containing the K-P base pair were synthesized 
ments of hydrogen bond donating and accepting 50 using an Applied Biosystems Oligonucleotide Synthe- 
groups, many ring systems are ^propriate (FIG. 4), sizer. Melting studies showed that duplexes contaming a 
incl uding ring systems to which are appended function- K-P base pair are only sli^tl y less stable than duplexes 
alized and unfunctionalized side chains. Syntheses for containing only natural bases! Farther, duplexes con- 
many of these compounds are known in the prior art taming the new base pair are considerably more stable 
(Bartolomew, D. G., Dea, P., Robins, R. K. Rcvcnkar. 55 than those containij^g mismatches involving the new 
G. R. (1975) Of^ Chem^ 40, 3708). However, there are bases, which in turn had melting temperatures eimnar to 
several constraints on the ting system and its substitu- duplexes containing msmatcfaes of natural bases (Pic- 
cnts. First, the ring systems must be aromatic so that ciriffietal., op. ciL). The stiiility of various mismatches 
they are capable of stacking with base above and below was consistent with the presumed stability of "Vobble" 
m the doirt)le helix. Second, substituent on the 6 position 60 base pairs, which should be particulariy important for 
ofthe pyrimidine (or the analogous position of a pyiimi- the GT and AK mismatches. These results suggested 
dme analog) and the S position of the purine (or the that enzymatic incorporation of a new base sclectivdy 
analogous position of a purine analog) is preferably no opposite its complement in a DNA template should be 
larger than hydrogen. possible, provided that natural DNA and RNA polyme- 

The most preferred pyrimidine analog is 3-)5-D- 65 rases accepted the new bases. 
rib^iranosyK2,6^Iiaminopyrimidine), trivially desig- To demonstrate that zanthosine triphosphate could 
nated here as K. Several complementary purines are be incorporated cnzymatically into en RNA oligonude- 
presently preferred. For example, either xanthosine or otide oppoate a K in the template, a promoter-template 
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including a promoter sequence of T7 RNA polymerase The synthetic primer-templates were incubated with 

(Milligan, J. Groebc, D. JU Witherell, G. W., & the Klenow fragment of DNA polymerase I (Pol 1) 

Uhlenbeclc O. C Nucleic Acids Res^ 15, 8783 (1987), Cobianchi. F. & Wilson, S. H. Metk EnzymoL 152, 94 

(17 bases) followed by a short oUgnucleotide segment 0 (1987) in the presence of various nucleoside triphos- 

bases), the new base K, 1 additional base, and a fmal A i phates, and the products analyzed by gel electrophore- 

was synthesized, together with a complementary 18 sis. K in the template directed the incorporation of XTP 

base primer (FIG. 5). Incorporation of K into tiic syn- into full length product Upon electrophoresis, the 

thctic DNA templates was verified by digestion of sam- product containing X migrates faster than the analogous 

pies of the template with snake venom phosphodiester- products containing G or A, presumably because the 

ase, hydrolysis of the phosphate from the products with 10 xanthine heterocycle carries an additional negative 

bacterial alkaline phosphatase, and analysis of the re- charge under the conditions of the electrophoresis due 

suiting nucleosides by HPLC (data not shown). Control to its low pK^ (pKfl=5.7). Direct evidence for the in- 

templates containing T replacing K were also prepared corporation of xanthosine was obtained by digestion of 

by synthesis. Transcription of the primed templates the prodnct oligonucleotide, kinasing, and electropho- 

could be detected most simply by the incorporation of retic analysis. 

radiolabled UMP (from a-labeled UTP) into a product To measure the relative efficiency as templates of the 

RNA molecule 10 bases long (the **fiill length prod- oligonucleotides containing different bases, product 

uct"). bands from electrophoresis gels were excised and their 

When synthetic template 1 was mcubated with la- radioactivity determined by liquid scintillation count- 
beled UTP and various other nucleoside triphosphates, ^ i^g* Templates containing K were ca. 70% as efficient 

full length products were observed in the presence of directing the synthesis of full length product Qn the 

XTP. The efficiency of synthesis of full length product presence of XTP) as those containing only natural 

from templates with and without K was approximately bases. 

the same, provided that the necessary complementary fidelity of incorporation of X opposite K was 
nucleoside triphosphates were all present in the incuba- ^ examined by incubating templates contaming C, T and 
tion mixtures. In absence of XTP, a significant amount ^ purine triphosphates separately and in competi- 
of full length product could be detected only in the ^ion (FIG. 5). As expected, the fidelity of incorporation 
presence of ATP, and this at somewhat low Icvck (ca. ^f* considerably higher with DNA polymerase than 
24%, measured by scintillation counting of bands cut }*^th T7 RNA polymerase. Essentially no G or A was 
from the gel). Such a misincorporation presumably incorporated by the Klenow fragment of DNA poly- 
occurs via **wobble** base pairing, and is not infrequent merasc opposite K, and essentially no X was incorpo- 
even with natural bases when incorporation experi- opposite T in the template. The only evidence of 
ments are run in incubation mixtures that are migging infideHty was a low level (ca. 5%) of X misincorporated 
one component. Coleman, J. E., Martin, C. T. & Muller, 3* opposite C in the template when GTP was missing from 
D. K- Biochemistry, 27, 3966 (1988). incubation mixture. This misincorporation was not 
To determine whether misincorporation of A was observed at all when GTP and XTP were present in a 
diminished by competition with X, experiments were ^'^ 

performed with tritiatcd XTP (synthesized from triti- EXAMPTW 2 
ated GTP by Demijanov oxidation) Roy, K. B. & Miles, aq i^AAmi-ui x 
H. T. Nucleosides and Nucleotides, 2, 237 (1983) and isoC-isoG Base Pair 
y-32p-Ubcled GTP (which is incorporated, with the Protected d-iso-C suitable as a buUding block for the 
triphosphate mtact, at the 5' end of the RNA product) chemical synthesis of DNA was synthesized by direct 
together in an incubation mixture in varying ratios. FuU extensions of standard methods. Watanabe, K. A- 
length products from an incubation containing a 1:1 45 Reichman, C K.; Fox, J. J. Nucleic Acid Chemistry; 
mohir ratio of ^H-XTP and unlabeled ATP were iso- Tipson, R. S.; Townsend. L. B, Eds.; John Wlcy and 
lated by gel electrophoresis, the bands exdsed, and the Sons: New York 1978; Part 1, p 273. (b) Kimura, 
relative amounts of and 32p determined by scintilla- Yagi, K.; Suzuki, IL; Mitsunobu, O. Bull Soc Chenu 
tion counting. After correction for the specific activities Jap, 1980, 53, 3670. N2-benzoyl-5'-dimethoxytrityl-d- 
of the starting nucleotides, the mismcorporation of 50 iso-C diisopiopyl pho^hotamidite, used directly in 
adenosine into the product at a XTP:ATP ratio of 1:1 machine-DNA synthesis, was synthcsisizcd from d-iso- 
was reduced to ca. 14%. Infidelity fiirther decreases C by the general procedure of Atkinson and Smith: 
with mcreasmg ratios of XA, and most likely stems Atkinson, T.; Smii M. Oligonucleotide Syndesis: A 
from errors made by the polymerase itself rather than Practical Approach; Gait, M. J. Ed.; IRL Press: Oxford 
from minor tautomeis of the bases. 55 pp 35-81 This was incorporated into two tcm- 
To demonstrate that xanthosine triphosphate could plates, and three other templates containing only natu- 
be incorporated into a DNA oligonucleotide opposite a ral bases were synthesized for use as standards and 
K in the template, a set of primer-templates (FIG. 5) controls. An 8-mer primer was annealed to the appro- 
were prepared containing cither C or T (the latter priate tempUtes (HG. 5) to provide a double stranded 
two servmg as control tempUtes). Incorporation of K 60 binding site for the Klenow fragment of DNA polymer- 
mto the synthetic DNA templates was agam verified by ase I (£ colt), followed by a single stranded coding 
digestion of samples of the template with snake venom region containing d-iso-C flanked only by purine nucle- 
phosphodiesterase, removal of the phosphate from the otides. Alternatively, difTcient templates (HG. 5) were 
products by bacterial alkaline phosphatase, and analysis annealed to an l8-mer to give the double stranded pro- 
of the resulting nucleosides by HPLC As before, the 65 moter region required by T7 RNA polymerase, fol- 
last base m the template was a unique A, permitting the lowed by a single stranded codmg region contaming 
detection of full length products most simply by antor a- d-iso-C In all of the templates, a imique A at the end of 
diography following the incorporation of a-32p-TTP. the coding strand was included to direct the incorpora- 
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lion of radiolabelled T or U and ribo- and deoxyxibo- Infidelity between iso-G and T was anticipated due to 
i^^^ Mantsch, H. R et aL, Biochemistry 1975. 14, the known existence of a minor ••phenoUc" tautomer of 
5593. The reactions with the Klenow fragment were i$o-G in addition to the major Nj-H tautomer (Sepiol 
conducted by incubating template/primer, polymerase, J., Kazimiercruk. Z., Shugar, D. Z Naturforsck 1976* 
S^.f. ^ ^^, required dNTPs including (a- 5 31c. 361; the possibility that this mmor tautomer' could 
■«P)TTP. FoUowmg mcubation, the products were fonn a Watson-Crick base pair with T was recognized 
analyzed by gel electrophoresis and autoradiogr^hy. on theoretical grounds. In fact, incubation of a primed 
With pruned templates containing vityC, full length template containing T in place of d-iso-C with the re- 
product was obtained only with d-iso-GTP present in quired dNTPs and d-isoOTP did yield a significant 
the incubation mature. The presence of iso-G at the 10 amount of full length product This result strongly sue- 
correct position m the product oHgonucleotide was gests that polymerases synthesize a base pair between T 
positively established by a '^nearest neighbor" analysis, and the "phenolic" tautomer of iso-G. This fact dimin- 
S^raniclla, Khorana, H. G. / Mol Biol 1972, 72. ishes the value of the base pair between iso-G and iso-C 
427. and by the **mmus- sequencing method. Sanger. F.; for many (but not all appUcations. 
Coubon, A. R. /. MoL Biol 1975, 94, 441. As expected, 15 In analogous experiments, T7 RNA polymerase was 
If.^S^. template containing T with shown to accept the new base pair. Incubation of a 
dATP and the required dNTPs in the absence of d-iso- template (FIG. 5) possessing the T7 promoter with the 
GTP, fuU length product was observed only to the required NTPs yielded more full length product in the 
extotanticipatcd by the fact that a small amount (15%) presence iso-GTP than in its absence. Sequencing of the 
of dUTP was present in the template due to the deami- 20 RNA transcript positively established the presence of 
nation of jso-C (vide supra). iso-G in the product at the expected position. 
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r^^?.^ . . 2. The method Of claim 1 wherein said heterocyclic 

olioin'^.TH'^^'^?^^ ^ the group co^gT?^ 

^/T.f^t''^ least onenucleotide unit bear- diaminopyrimidme, xanthinef^e^iiaminopy^ern 

JTSL"^.^ "^"^"^ niethyl-pyra2oIo[4.3^]pyrimidine.5.7(4H,GS 
mg of the structural formulae of HO. 4, wherein -R iso-guanine, and iso^rytciine. - v , ru* c;, 
d^gnat« the pomt of attachment of the base to posi- 50 3. Th^ ^ ^ polymerase is 

^^1^1^^^. ^J"^^ X is either a sdected from the group consistiag of the 

mttogffli atom or a carbon atom bearing a substituent Z, meul of DNA pol^erase I, T7RNA polymerase.^ 

Z IS either a hydrogen, an mifimctionahzed lower alkyi AMV reverse ttTiStese P^'y^^^ and 

S T?*..*^^^ ?^ ™* « claim 1 whercm said hetcrocydic 

Yh^^'^^r^ baseisiso<ytosineincorporatedoppositeiso.Srb 
Y IS either N or CH, and each rmg contams no more a template. 6"*miKui 

^J!!f^'^^^*^'^^°*!:'*^^**°^ 5- ""^^ of chum 1 wherein said heterocycUc 

^n^T^f o '^^"^ ^ an oligonucleotide base is iso-guanine incorporated opposite iso^e 
contammg one or more nucleotide snbunits bearing a a template. j^^^m 

r '^^r'^^^r^J? ^ .^"^^^^S ^ ^ of ^Uim l wherein said heterocycUc 

SLI^ iXfS ^^'^S 2.«iaminopyrimidine or 2,6.diaminqSe 

ti^^nu^S^tZf^'^t,'^^^^^ i^n)orated oppo^ l-methyl.py^lo[4,Wh^- 

^H^^^ « V S^^^^^ complementary to the dine-5.7(4H,6H)^one or xantidn/in a tempIatS^ 

Son rsJfuS^^ f ^ ^ « ^ 1 het^^cyclic 

pon a solution of a DNA or RNA polymerase, and « baseis l-methyl-pyra2olo[4.3-dbvrimidine-5 7f4H6HV 
incubating ^d mixture of the solutions such that an dione or xanSnnrtoSor^S^S 
obgonucleotxde chain complementary to the tempkte diaminopyrimidme orlJShiopS^ Tn a tem^ 
and mcorporatmg said at least one oligonucleotide unit plate. ; AOKuammopyrazme m a tern- 

bearing a heterocyclic base selected from the group • « • • * 



consisting of the structural formulae of FIG. 4 is synthe- 
sized. 
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ABSTRACT 

' The base analogue 2-arainoadenine (2,6-diaaiinopurine,D) has been 
introduced at selected positions into synthetic oligodeoxyrlbonucleotides 
and. DNA by the combined use of chemical and enzymatic methods. 2- 
aminoadenine substitution for adenine introduces changes in the minor groove 
of DNA and creates an additional hydrogen bond in the Vatson-Crick base pair 
vith thymine. Oligonucleotide hybridization probes containing 2-aminoadenine 
shoved increased selectivity and hybridization strength during DNA-DNA 
hybridization to phage or genomic target DNA. Properties of the base 
analogue vith respect to DNA modifying enzymes vere examined. 2-aminoadenine 
vas used to probe minor groove determinants during the treatment of DNA by 
12 restriction endonucleases. Inhibition of cleavage vas found for several 
restriction enzymes. 



INTRODUCTION 

The substitution of bases by analogues in DNA is often a useful 
approach to investigate DNA biochemistry [1]. DNA containing base analogues 
has been shovn to be modified in thermal stability [2, 3, A, 5, 6], double- 
helical conformation [7,8] or base-pairing pattern [9|10]. As a result, 
differences in hybridization strength and selectivity, changes In protein 
recognition patterns or mutational activity may occur. 

2-aminoadenine (2, 6-diaminopurine, D) is an adenine analogue vhich Is 
naturally found in S-2L cyanophage DNA [6]. Replacement of adenine by 2- 
aminoadenine creates a minor groove modification by introduction of a C2 
amino group. This increases the stability of the Vatson-Crick base pair vith 
thymine by an additional hydrogen bond (Figure 1). Thermodynamic studies 
have shovn that substitution of 2 '-deoxy adenosine by 2-amino-2'- 
deoxyadenosine stabilized the DNA duplexes significantly [8,11,12]. The 
introduction of an extra amino group in the minor groove removes the 
hydration spine vhich contributes to the stabilisation of the B-DNA 
structure [13]. It has been observed by spectroscopic studies that 2- 
arainoadenine may facilitate a B -> Z transition (7,8,14] or even B -> A 
transition in DNA [13]. 



© IRL Press Limited, Oxford, England. 
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Abstract 



Oligonucleotides containing the modified bases 5-methyIcytosine and 2-aminoadenine in place of cytosine and adenine 
respectively, have higher than normal affinity for complementary sequetfces. The strong binding oligonucleotides (SBO) are much 
better than their normal counterparts in PCR amplification: they yield significantly more product per cycle, allow amplification 
at annealing temperatures as high as 72X and, unlike their normal counterparts, allow efficient primins from within a 
palindromic sequence. We propose that such strong binding oligonucleotides will be valuable in numerous PCR applications 
including: (i) rnimmization of the frequency of mutants among PCR products; (ii) when only short specific primers can be desi<med 
based on available sequence information; (iii) when the material available for the analysis is limited in quantitv and (iv) when 
pnmer binding is blocked by DNA secondary structure involving a primer binding site, or chain extension is impeded by 
secondary structure m downstream sequences. 

Keywords: Modified oligonucleotide; PCR primer; PCR amplification 



1. Introduction 

The polymerase chain reaction (PCR) method has 
become one of the most powerful and widely used tools 
in modem biology, having revolutionized areas as di- 
verse as analyses of gene structure, genetic regulatory 
mechanisms and genome organization, infectious dis- 
ease and epidemiology, evolution and forensics [1-4]. 
For all its power, however, further optimization could 
bring considerable benefits. For example, numerous 
errors, both base substitutions and internal deletions, 
accumulate cycle by cycle during amplification, reflect- 
ing error-prone DNA priming and synthesis and proba- 
bly thermal damage to template DNA, as well as 
selection for templates that are more easily replicated 



•Corresponding author. Tel.: + 7 095 3306529; Fa.\: +7 095 
3306538; e-mail: sverd@humgen.siobc.ras.ru 

IO5O-3862/96/$15.00 C 1996 Elsevier Science B.V. All rights reserved 
/*// 51050-3862(96)00139-8 



[1-3,5-8]. Reducing the number of cycles needed for a 
given level of amplification could dramatically lessen 
the problem of mutant accumulation, which can be 
especially severe when amplification proceeds from 
minute quantities of target DNA or RNA, such as from 
a single cell. Second, PCR amplification of certain 
regions tends to be quite ineflficient, due to hairpin and 
perhaps other secondary structures in the template 
strand that overiap or lie downstream of a primer 
binding site, where they can block primer binding or 
impede continued DNA synthesis, respectively. Third, 
in many applications, information about target se- 
quences is very limited, as when primers are designed 
based on partial amino acid sequences of newly de- 
tected proteins, or on evolutionarily conser\ed motifs. 
Often the specific primers that can be designed are quite 
short, and may fail to give eflficient specific amplifica- 
tion, especially if they have a high A -I- T content or too 
many mismatches. In each of these cases, PCR amplifi- 
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cation wQuld be greatly improved by any change that 
increased the efficiency of amplification with a given 
pair of primers. One way to achieve this would be to 
increase the strength of specific interaction between 
primer and complement target DNA or RNA strands. 
The oligonucleotides containing the modified bases 5- 
methylcytosine {5-MeC) and 2-aminoadenine (2-NH2A) 
in place of cytosine and adenine, respectively, have 
higher than normal aflfinity for complementary se- 
quences [9 JO] (Henceforth these oligonucleotides con- 
taining such modified bases will be called ''strong 
binding oligonucleotides" or "SBOs"). 

Recently we developed and implemented methods for 
phosphoramidite based automated synthesis of oligonu- 
cleotides containing these modified bases and showed 
that strings of pentanucleotide SBOs can prime DNA 
sequencing reactions from a complementary sequence 
under conditions in which the corresponding un- 
modified oligonucleotides are considerably less effective 
[11.12]. We also demonstrated that SBO penta- and 
hexamers prime template directed DNA synthesis more 
eflSciently (Lagutina et al., Genet Anal Biomol Eng, 
submitted ). 

Here we show that such SBOs are superior to the 
corresponding standard oligonucleotides for PCR am- 
plification in terms of rate of accumulation of PCR 
product per cycle, maximum annealing temperature 
allowing amplification, and amplification from a primer 
binding site within palindromic DNA. 



2.2. Template DNSs 

A clone from heteronuclear cDNA (hncDNA) hu- 
man chromosome 19 specific library [14] with 284 bp 
hncDNA insert cloned in EcoRI-BamHI doubly di- 
gested MIS mpl8 vector was used for ss and ds DNA 
purification for PCR experiments. Recombinant pBS 
plasmids containing fragments of HeUeobacter pylori 
genomic DNA 1.1 and 2.5 kb in length were used for 
other PCR experiments. 

Fragments of DNA forming "frying pan" structures 
as shown in Fig. 3 with lengths 528 bp and 312 bp were 
kindly provided by Dr S. Lukyanov [15,16]. 

Standard techniques of molecular biology were per- 
formed as described in [13]. 

23. PCR amplification 

PCR amplification of recombinant M13 mpl8 and 
pBS plasmids were performed at the Perkin Elmer's 
ihermocycler. Template DNA (20 ng) was amplified 
with 20 pmol each of the primers, 0.5 U Taq. poly- 
merase (Perkin Elmer or samples purified in Dr Berg's 
lab), 0.25 mM dNTP, 3 mM MgCi, in the following 
mode: 95*C, 30 s; 57°C, 30 s; 72"C, 1 min; 5, 10, 15, 20, 
25 or 30 cycles. PCR-fragments were analysed by elec- 
trophoresis in 2% agarose gel. All the PCR conditions 
different from those mentioned above are indicated in 
lesends to fisures. 



2. Materials and methods 

2.L Oligonucleotide synthesis 

« 

Modified protected phosphoramidites have been pre- 
pared as described in [11,12]. Oligonucleotides were 
synthesized on a controlled porous glass support with a 
Milligene 7500 synthesizer. After deprotection by 
aqueous ammonia at 60''C for 20 h, the oligonucle- 
otides were purified by denaturing polyacrylamide gel 
electrophoresis. Melting temperatures (T^) were calcu- 
lated as in [13] and were increased by N where N is the 
number of modified residues, in case of modified oligos 
[11]. Melting temperature (T^) for modified universal 
primer was determined in previous experiments [12]. 
Universal sequencing primer ( — 20) 

GTAAAACGACGGCCAGT and "reverse" sequenc- 
ing primer CAGGAAAACAGCTATGAC, as well as 
their modified counterparts, containing all C and A 
substituted by 5-MeC and 2-NH2A were used for PCR 
amplification in case of inserts in plasmid pBS, phage 
M13 and for amplification from within the "frying 
pan" structure. The primers and their T^, arc listed in 
the Table 1. 



2.4. Quantitative PCR 

PCR amplification of dsDNA (as well as ssDNA in 
other non-shown experiments) of recombinant M13 
mpl8 containing a 284 bp insert, the clone of heteroge- 
neous nuclear cDNA library that was prepared in the 
our lab [14], were performed with universal sequencing 
and reverse Ml 3 primers as well as with their modified 
counterparts as described above with addition of 0.5 
pmol a-[^^P]dATP (3000 Ci/mmol, Obninsk, Russia). 
Labelled PCR-fragments were separated in 2% agarose 
gel and exposed with Kodak XAR-2 film. To determine 

Table I 

The structure of primers and their T^ 

Primer T^ T„ (mod) X ^T^ 

(norm) *C 



Universal GTAAAACGA 68« 78" 
CGGCCAGT 

Reverse CAGGAAAAC52^ 64'' 
AGCTATGAC 



10 



12 



"T^ were determined experimentally [12]. 
^Calculated T„ 
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Fig, I. Influence of the primmer modification on the rate of PGR product accumulation. Radioautograph of 2% agarose gel electrophoresis of 
products of radioactive PGR amplification of recombinant M13 ds DNA, that is the clone from human chromosome 19-specific heterogeneous 
nuclear cDNA library is present. PGR amplification with primers GTAAAACGGCCAGT and CAGGAAAAGAGCTATGAG or their modified 
counterparts were carried out after 5, 10, 15 and^20 cycles as indicated. Variants of primers (non-modified or modified) and number of PGR cycles 
performced are indicated in upper part. Amount of 284bp PGR fragments (designated) was determined as described in Materials and methods and 
are indicated at the bottom. The marker is 1 kb DNA Ladder (Gibco-BRL). 



the relative yields of the PCR products, autoradiographs 
were subjected to densitometric analysis using the image 
analyser System 3 (Apple) (program SCAN 1000). 



3. Results and discussion 

The present experiments were based on findings that 
(i) replacement of cytosine and adenine with 5-methylcy- 
tosine and 2-aminoadenine in DNA can markedly in- 
crease the strength of annealing between complementary 
DNA strands [9,11]; and (ii) the modified oligonucle- 
otides can prime DNA synthesis in a chain termination 
DNA sequencing reaction more efficiently than their 
nonmodified counterparts [1 1]. 

3. L Rate of PCR product accumulation. 

The increased efficiency of DNA synthesis achieved 
using modified oligonucleotide primers has important 
implications for PCR because it allows in principle to 
increase the yield of the amplification product with the 
use of the same number of cycles as in case of standard 
primers, or to reduce the number of cycles without 
sacrificing final yield. This conclusion directly follows 
from the simple formula (I): Y={X)'\ where Y repre- 
sents the final yield of the amplification product after n 



cycles of PCR provided that the yield after one cycle is 
equal to X (yield is the quantity of molecules formed per 
one initial DNA molecule). This formula also demon- 
strates that the higher the difference in the yields of X 
between modified and non-modified primers, the 
stronger is the advantage of the use of the more tightly 
binding oligos for PCR. For example, an increase in 
yield per cycle from 1.7 (a rather usual factor with 
standard oligonucleotides [1-4]) to 1.9 would (i) allow 
the final yield of product to be increased 5.8 x 10^ to 
9.3 X 10* in a standard 25 cycle reaction or (ii) cessation 
of PCR amplification five cycles earlier (between the 
20th and 21 st cycles) to achieve the yield 5.8 x 10^. 

Direct tests showed that base modification did indeed 
increase the efficiency of formation of PCR products 
with various quantitative value of the differences in 
yields between modified and non-modified primers. In 
the case illustrated by Fig. 1, nearly 20 PCR cycles with 
non-modified primers were required to match the yield 
attained approximately at the 1 0th PCR cycle with 
modified primers. Even if we assume that in the case of 
modified primers the yield per a cycle (X) equals 2, that 
is theoretical, then we would have to conclude that the 
yield X for the standard primers is too low . — around 
1.56 (formula 1). That low value could be a consequence 
of some restraints posed by the template on amplifica- 
tion. 
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FiE. The temperature dependence of PCR amplicicaiion wiih modified and normal primers. Oglionucleotiedes GTAAAACGGCCAGT, 
universal sequencing M!3 primer (- 20). and CAGGAAAACAGCTATGAC, reverse primer, were used for PCR amplifications: l.I kb and 2.5 
kb inserts cloned into pBS plasmids were amplified at different annealing temperatures (indicated at the bottom part) and separated by 
electrophoresis in agarose gel. N, non-modified universal and reverse M13 primers were used for amplification; M, their modified analogous; 
L. 1 kb DNA Ladder (BRL). 



3.2. Annealing temperature effects on PCR amplification. 

The increased strength of binding of oligonucleotides 
with modified bases suggests that they should allow 
PCR amplification at higher annealing temperatures. 
Fig. 2 shows an example illustrating that this is indeed 
the case. Whereas both modified and non-modified 
primers were effective in PCR amplification at annealing 
temperatures of 57°C (data are not shown), only the 
modified primers were effective at an annealing temper- 
ature 65°C and more. In addition, the modified primers 
were almost as effective when the temperature was 
cycled between 94°C (denaturation) and 72°C (both 
annealing and extension; 72°C is the temperature typi- 
cally used for extension during PCR amplification [1 -4]. 

These results show that modified primers are advan- 
tageous when high annealing temperatures are needed. 
We anticipate that the ability conferred by modified 
oligonucleotides to prime PCR amplification at temper- 
atures equal to those used for extension will be impor- 
tant in cases where hairpins and other secondary 
structures would form during low temperature anneal- 
ing steps in PCR with normal primers. Any failure to 
completely melt such structures before arrival of the 3' 
end of the nascent chain would diminish the overall 
efficiency of PCR amplification and/or provoke deletion 
and other errors during synthesis. 



3.3. Modified oligonucleotides overcome effect of primer 
binding site within hairpin structure. 

Special * Trying pan" templates (Fig. 3) were used to 
test whether > njodified oHgonucleotides could prime 
PCR amplification from primer binding sites within 
extended hairpin structures. Earlier work [15,16] had 
shown that such structures strongly suppressed amplifi- 
cation with the natural primers, independent of the 
temperature used for amphfication. Two templates that 
differed in central regions (between the terminal in- 
verted repeats, which contained primer-binding sites) 
were used, and in both cases only the modified oligonu- 
cleotides proved to be effective as primers for amplifica- 
tion. Evidently, only the modified oligonucleotides are 
able to displace its normal counterpart in a hairpin 
snap-back structure, thereby allowing it to prime DNA 
synthesis, and promote repeated cycles of amplification. 



4. Concluding remarks 

The results presented here show that oligonucleotides 
containing base modifications that allow them to bind 
more strongly to complementary DNA than its norma! 
counterparts should be useful as primers for PCR am- 
plification in several contexts. 
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5' GTAAAACGACGOCCAGT 

* a. 

5' GTAAAACGACGGCCAGTTTTTTTTTTTTTNN 
3' CATTTTGCTGCCQGTCAAAAAAAAAAAAANN 

b. 



5 ' GTAAAACGACOGCCAGT 

5 ' GTAAAACGACGGCCAGTTTTTTTTTTTTT 
3 ' CATTTTGCTGCCGGTCAAAAAAAAAAAAA 



528bp 



•NNAAAAAAAAAAAAACTGGCCGTCGTTTTAC 3' 
I N N ' r i'TTT T TTTTTTTGACCGGCAGCAAAATG 5 ' 



312bp 



TGACCGGCAGCAAAATG 5' 



Melting 
Annealing 




"Frying pan" structure. 



20 cycles 25 cycles Markers 




Fig. 3. PCR amplification of DNA fragments forming secondary structure at primer binding sites with universal sequencing MI3 primer (-20) 
and its modified counterpart. (A)A scheme of structure of the template DNA. (B) Agarose gel (2%) with PCR fragments obtained after 20 (left) 
or 25 (right) cycles of amplification. N and M, results obtained with non-modified or modified primers, respectively. Sizes of PCR fragments are 
indicated. 
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(i) When the quantity of DNA or RNA to be am- 
plified is restricted: during amplification from just one 
or a few cells, detection of pathogens present at low 
population densities in the environment or during 
chronic or latent infection; and in forensic medicine. 

(ii) When the reduction of the number of PGR cycles 
is highly desirable. This point needs some special com- 
ments. There are several sorts of artifacts taking place 
during PGR amplification, all of them accumulated 
with the increase of the number of cycles. The accumu- 
lation of the point mutations is the best known example 
of the mistakes. In general, speaking of accumulation 
of the mutations, authors discuss the misincorporations 
(10"'*- 10"-^ nucleotides per cycle) and small deletions 
in the growing DNA chains due to infidelity of the 
templates copying by the DNA-polymerases [1-4]. In 
addition, another source of the mistakes can be chemi- 
cal modification of the template due to rather rigorous 
conditions of the reaction during the denaturation and 
high temperature primer extension. If one uses the 
usual PGR profile (1-2 min at >94'*G for denaturation, 
1-2 min at 50-55X for primer annealing and 1-2 min 
at 72''C) for the extension step and repeats it 30 times, 
the total time of the incubation of the mixture at the 
elevated temperature is rather long and one can expect 
the DNA damages, mainly due to the depurinisation 
[5,17]. These lesions can cause additional artefacts dur- 
ing the following replication stages — mainly short 
deletions. The appearance of the sequence changes, 
even though not very outnumbered by itself, can be 
further enhanced by biased amplification of those that 
are more easily replicated. 

The biased amplification of the shorter fraction of 
the restriction fragments has been observed [6] when 
the whole genome amplification [18-20] has been car- 
ried out. 

Such a biased amplification depending on the length 
and on base composition has also been observed in case 
of two alleles amplification with identical primers [7]. 
Similar results were described when amplifying several 
genomic fragments with the multiple pairs of primers 
[8]. One can expect the same efi'ect when amplifying the 
complex mixture of the fragments as it takes place for 
example in case of amplification of chromosomal frag- 
ments obtained by microdissection [21,22], amplifica- 
tions of the cDNA libraries [23] or a single sperm 
typing with allele-specific oligomers [24]. Another sort 
of artifacts is DNA recombination during PGR [25.26] 
leading to chimerical DNA molecules, which could be 
considerably enhanced in archaeological and forensic 
application [27]. The increased efficiency of DNA syn- 
thesis and thus decrease in required number of cycles 
made possible by strong binding oligonucleotides 
should decrease the accumulation of such artifacts. 

(iii) When PGR amplification would be improved by 
use of two-step procedure as described [3] but at higher 



temperature for primer annealing and extension. We 
anticipate this will often be the case when the segment 
to be amplified contains palindromes and other se- 
quence arrangements likely to yield secondary struc- 
tures during lower temperature annealing steps. 
Amplification using the same high temperature for an- 
nealing and chain extension (72**G) would maximize the 
melting of such secondary structures, and might de- 
crease the yield of deletion variants, and improve yield 
as well. 

(iv) When the primer binding site is within a poten- 
tial hairpin or other secondary structure that would 
impede binding of normal primers. The stronger bind- 
ing of the modified primer at even normal annealing 
temperatures apparently allows displacement of the 
complementary blocking strand, and thus effective ini- 
tiation of replication. Even though computer programs 
for improved primer design are under constant develop- 
ment, even the best of suc^i programs can not anticipate 
inverted repeats, one member of which is in an unse- 
quenced nearby region. The use of strong binding 
oligonucleotides as primers for PGR, and also for se- 
quencing by primer walking, should allow us to avoid 
this inherent weakness in current strategies. 

At present we have developed and tested just two 
modifications, 5-methhylcytosine and 2-aminoadenine. 
Modifications that similarly increase the affinity of 
thymidine for its complementary adenosine are also 
feasible, and are being studied by our group. Once the 
T-modifications that are both easy to construct as 
phosphoramidites, and effective in increasing affinity 
for complementary sequences have been identified, we 
can expect to be able to construct even more potent 
strong binding oligonucleotides for use as hyper- 
efficient PGR and sequencing primers and hybridization 
markers. 
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Chart I: Structures of A-T and /. Base Pairs 
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Crick type base pair with thymine (Sowers et al, 1986), 
polymerases are still able to discriminate between msertion 
of 2-aminopurine and adenine opposite thymine but mism- 
sertion frequencies for AP are much higher than for natural 
nucleotides on the order of 10-15% (Bessman et ai, 1974; 
Clayton et al., 1979; Pless & Bessman, 1983). For natural 
nucleotides, differences in the relative rates of correct and 
incorrect insertion are very large, on the order of a factor of 
103-105 in comparison with differences in rates withm 
different sequence contexts, which may vary by as much as 
a factor of 10 or more (Mendelman et al., 1 989). Evaluatmg 
differences between correct and incorrect insertion for natural 
nucleotides within different sequence contexts would require 
measuring relatively small differences in the ratio of a very 
large number to a very small number. Variations m the 
misinsertion frequency of AP due to changes in the local DN A 
sequence are likely to be on the same order of magnitude as 
the misinsertion frequency, making AP a more sensitive probe 
for measuring the effects of local DNA sequence on insertion. 
The kinetics of insertion of dAPMP and dAMP opposite T 
and their relative insertion efficiencies were measured on 
synthetic primer/templates (Chart II) having identical se- 
quence except for the base pair immediately 5' to the incoming 
dNT? so that the effects of nearest neighbor interactions 
could be evaluated in the absence of the other sequence context 
effects. 

A second advantage of using AP as a probe is that it is 
much more fluorescent than natural nucleotides, and its 
fluorescence properties are sensitive to its environment. We 
have shown that changes in the fluorescence intensity of AP 
can be used to follow polymerase-catalyzed insertion. A 
comparison is made between two methods for measuring the 
kinetics of DNA polymerase catalyzed reactions. In the first 
method, changes in the fluorescence intensity of AP as it was 
incorporated into DNA were used to measure reaction kinetics 
on pre-steady-state and steady-state time scales. The second 
method uses a gel assay system (Boosalis er a/., 1 9 87; Goodman 
et al., 1993) to measure incorporation of both AP and A 
deoxy ribonucleotides . 

• Abbreviations: dAPTP, 2-aminopurinc 2'-deoxyriboiiucleoside 5'- 
triphosphate; AP. 2-aminopurinc; dNTP /:d«°^yribon"c eof e 5 - 
triohosphate; KF", a 3'-5' exonuclease-deficient mutant of the large 
(KJenow) of Escherichia coli DNA polymerase 1; KF*. Klenow fragment 
with the 3'-*5' exonuclease activity present; DTT, dithiothreitol; BiA, 
acetylatedbovineserumalbumin;DMT,dimetho)tytritylproteainggroup; 

CPG. conir&lied-pore gbis. 
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Chan II: Seqm of Primer/Templates 
primer lemplatcs for sunding start reacuons: 

1^0 GTC Tt GCT GcI XTZ CTA CG. GOT ACT 
priler templates for rumiing surt reactions (universal primer, up): 

ISmer: 5'- TCC CAG TCA CGA CGT 
30roer : 



5'- TCC CAQ n,A v-u* 

3'- AGG GTC AGT GCT GCA XT2 GTA CGA GCT ACT 
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EXPERIMENTAL PROCEDURES 
Materials 

KF- (D424A) was a kind gift from Dr. Catherine M. Joyce 
(Derbyshire et al., 1991). Klenow exo- (D355A. E357A) 
was either purified (Derbyshire et al., 1 988; Joyce & Gnndley, 
1983) from an overproducing strain provided by Dr. Catherine 
M Joyce or purchased from U.S. Biochemical Corp. KP 
solutions were diluted for storage in a buffer consisting of 20 
mM Tris, pH 7.5, 0.5 mM dithiothreitol, 1 mg/mL BSA, and 
50% glycerol. Concentrations of KF" were determined by 
measuring the absorbance at 278 nm (« = 6.32 X 10 M 
cm-' (Setlow et al., 1972)), and concentrations of KF" from 
US Biochemical Corp. were determined from specific ac- 
tivities and protein concentrations. Acetylated bovine serum 
albumin was purchased from U.S. Biochemical Corp. Re- 
striction enzymes Mbol, Ddel, and ifinfl were purchased from 
Pharmacia, and ExoWl was purchased from Boehnnger 
Mannheim. FPLC-purified dNTPs were purchased from 
Pharmacia LKB Biotechnology, Inc., and used without further 
purification. Oligonucleotides were synthesized on an AppUeO 
Biosystems Model 381A DNA synthesizer using standard 
2-cyanoethyl phosphoramidite chemistry and Panned by 
denaturing polyacrylamide gel electrophoresis^ ^""t 
sequences are given in Chart II and referred to by their 
designations throughout the text. A DMT-protected 2-ami- 
nopurine was linked to a solid support (CPG) for prepa'ation 
of oligos containing AP at the 3'-terminus (Entja et al, 1986). 
dAPTP was prepared as described previously (Bessman er al., 
1974; Clayton et al, 1979). Concentrations of dAPTP were 
determined by measuring the absorbance at 304 nm (« - 58UU 
M-' cm-'). 

Methods . J . 

Time-Resoloed Measurements. Time-resolved experiments 

were performed with free dAPTP and with a syntheUc primer/ 

template of identical sequence to pT/t A, but «^ntaimng AP 

at the 3'-primer terminus. Free dAPTP data was collect«^ 

at 0.5 ^M in 50 mM Tris-HCl, pH 7.4, and the AP pnmer/ 

template data was collected in 25 mM HEPES and 50 mM 

NaCl KF--DNA complex measurements were made on a 

solution containing 1 mM KF- (D355A, E357 A). 0.5 mM pG/ 

tC, 0.5 mM EDTA. 25 mM HEPES, pH 7.5. and 50 mM 

NaCl. . 
Time-resolved fluorescence measurements were performed 

utilizing a Coherent Antares Nd.YAG °' ^^-^^j 

frequency doubled and synchronously puniping a dual dy^g 
laser (Coherent 702) using rhodamine 6G and a DODCl 
saturable absorber. Output pulses from this laser at 306 nm 
were utilized at 4 MHz and had a pulse width of appro^mateiy 
1 Tin.»,-reso!vcd detection utilized time-correlated single 
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photon counting with a " -m Hamamatsu (R2809U-01, 
Bridgewater, N J) microch A plate detector, high-frequency 
50X amplifiers (Phillips Scientific 774, Mahwah, NJ), 
constant fraction discriminators (Tennelec 454, Oak Ridge, 
TN), time-to-amplitude converters (Tennelec 862), and pulse- 
height analysis analog-to-digital converters (Nucleus PCA- 
II, Oak Ridge, TN). The instrument response function was 
approxinately 50-100 ps. The collimatcd fiuorescence 
emission was passed through Glan-Thompson polarizers on 
automated mounts (ISS, Urbana, IL) and focused onto the 
entrance slits of a SPEX (Edison, NJ) 0.22-m emission 
monochromator. A half-wave plate in the excitation beam 
was utilized to rotate the excitation polarization to horizontal 
for the determination of the polarization bias ("^-factor") of 
the detection instrumentation. 

Quantum Yield Determination, A SPEX Fluorolog 1681 
fluorimeter was used to measure quantum yields. Emission 
spectra were collected for solutions of 4 primer/template 
or dAPTP in 25 mM HEPES and 50 mM NaCI, pH 7.5 
between 330 and 460 nm at 0.5-nm intervals and integrated 
over 0.5 s. Buffer background signals were subtracted from 
spectra. Relative quantum yield values were calculated by 
dividing the integral of the primer/template fluorescence by 
that of the dAPTP fluorescence. Absolute quantum yield 
values were obtained by multiplying relative values by the 
reported quantum yield of 0,63 for dAPTP (Ward et al, 1 969). 

Fluorescence Detection. Fluorescence detection from the 
stopped- flow apparatus consisted of a home-built single-photon 
detector consisting of the following: Hamamatsu R928 
photomultiplier, 5X 300-MHz amplifier (Stanford Research 
SR445, Sunnyvale, CA), discriminator (Stanford Research 
SR400), and multichannel scaler (Tennelec Model MCS-II, 
Oak Ridge, TN), interfaced to an 80486 microcomputer. The 
detection system was activated from an external synch-out 
pulse from the Molecular Kinetic stepper-motor controlling 
unit, and data acquisition began at least 1 00 ms before sample 
mixing. Data was collected at time bases from 1 ms to 1 s 
in 8000 total channels. Fluorescence excitation utilized a 
^5-W xenon arc lamp (Oriel, Stratford, CT) coupled to a 
0.25-m monochromator (Oriel 77250) with fiber optic output 
directed into the 75-/iL-volume sample cell. Excitation 
wavelength was 31 1 nm, and emission was collected through 
a 360-nm cut-on filter (Hoya Optics type L36, Fremont, CA). 

Fluorescence Determination of Steady-State Kinetic Con- 
stants Using Standing' Start Primer /Templates. Reactions 
were perfomed using rapid mixing techniques in a Molecular 
Kinetic (Pullman, WA) three-syringe stepper-motor-con- 
trolled stopped-flow apparatus. Rate of product formation 
vas determined from the decrease in the steady-state dAPTP 
fluorescence. Apparent and K^a^ values were obtained 
using the method described below under Calculation of Kinetic 
Constants. Stock solutions of dAPTP, a dilution buffer, and 
primer/ template-KF- were placed in separate syringes. 
Reactions were perfomed at 19 d= 2 °C by mixing an aliquot 
of dAPTP with dilution buffer and then mixing 300 mL of the 
diluted dAPTP solution with 150 mL of primer/template- 
cnzyme stock solution. Volumes of the dAPTP and dilution 
'uffer solutions were varied between 0 and 300 to give 
^esired dAPTP concentrations, which varied as per template 
and are listed below. All reactions contained final concen- 
trations of 50 mM Tris-HCl, pH 7.4, 5 mM MgCh. 0.3 mM 
DTT, 0.03 mg/mL BSA, 5 nM KF" (D355A, E357A), and 
70 nM standing-start primer/template (Chart II). Template 
tA^; Low- (0.75 uM) and high-concentrntion dAPTP (2. '^5 
mM) stock solutions were used to ramp the concentration from 
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0. 1 to 0.5 ^ from 0.6 to 1 .5 ^M, respectively. Temphte tC: 
A 1.5 M- liAPTP stock solution was used to vary the 
concentration from 0.2 to 1.0 mM. Templates tAj, tT. and 
tO: A 0.75 mM dAPTP stock solution was used to ramp 
concentrations from 0.1 to 0.5 /iM, and a 3.75 dAPTP 
stock solution was used for 0.75 to 2.5 mM dAPTP concen- 
trations. For these last three templates multiple runs (2-5 > 
were summed to increase signal to noise. 

Saturated S teady State Kinetics. A more fully saturated 
steady-state experiment was run using the pC/tG primer/ 
template. Four dAPTP stocks were used in this experiment 
of 2.0, 8.0. 1 6, and 24 mM to vary dAPTP concentration from 
0.5 to 12 mM. Reactions were otherwise identical with the 
steady-state experiments above except that the pC/tG con- 
centration was 0.5 mM. At the higher dAPTP concentrations 
multiple (2-5) runs were summed to increase signal to noise. 

Fluorescence Determination of Pre- Steady-State Kinetic 
Constants. Reactions were performed in the stopped-flow 
apparatus at 19 ± 2 °C. Primer/template-KF" (D355A, 
E357A) solutions were prepared which contained 0. 1 mg/mL 
BSA and 1 mM DTT. Reactions were initiated by mixing 
equal volumes (150 or 180 ^L) of primer/ template-KF" 
solution with dAPTP/dilution buffer solution. All reactions 
contained 50 mM Tris-HCl, pH 7.4, and 8 mM MgClj. Final 
concentrations of dAPTP in reactions ranged from 0.6 to 1.8 
mM for pC/tG and 0.6 to 3.6 mM for pT/tA,. Final 
concentrations of primer/template and KF" were 300 and 
100 nM. Pre-steady-state kinetics were obtained at high 
dAPTP concentrations for primer/templates pC/tG and pT/ 
tAi using 0.2 ^M Klenow fragment, 0.5 mM DNA, and 10 
mM dAPTP. Reactions were initiated as above by mixing 
120 m1 of 0.4 /xM Klenow fragment and 1.0 wM DNA mixed 
with 120 /xl of 20 ixU dAPTP. Multiple experiments were 
summed (approximately 30 runs) to obtain acceptable signal 
to noise. 

Single-Turnover Pre- Steady State Experiment. Reaction 
conditions were as for pre-steady-state experiments unless 
stated otherwise. Final concentrations were 1.0 mM and 0.5 
mM for KF- (D355A, E357A) and pT/tA,, respectively. Four 
dAPTP stocks of 2.0, 8.0, 16, and 24 ^M were used to ramp 
dAPTP concentrations from 0.5 to 1 2 /xM. All velocities above 
4 /xM dAPTP were summed results from multiple experiments. 

Calculation of Kinetic Constants. All fluorescence reactions 
were normalized to total change in AP fluorescence because 
the amount of AP fluorescence quench seen varied between 
the four different primer/templates. Initial velocities were 
obtained directly by calculating the slope of the initial part 
of the reactions. For steady-state reactions, k^i and ATm values 
were calculated from plots of observed initial rates versus 
dAPTP concentration. For pre-steady-state reactions, kinetic 
constants were calculated by assuming the pathwa* below, 
which is described by the rectangular hyperbola in .4 1: 

KF-DNA dAPTP ^ KF-DNA-AP ^ KFDNA^.,-PPi 



^obs ~ 



Ar^JdAPTP] 
K^ + [dAPTP] ' K, 



^:^[dAPTP] 



(1) 



At high concentrations of dAPTP in comparison ) DNA, the 
change in the large dAPTP signal was small an ne resulting 
noise in data points was large. At lower concentrations of 
dAPTP where individual data points are more reproducible, 
plots of ^obs versus [dAPTP] showed a small amount of 
curvature. Because of the signai-io-noise problems, separate 
values of /ccai and Km were not extracted. Instead plots of fcobs 
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versus [dAPTP] were fit to tl. ear approximation in eq I . 

by using pre":;u£acy":;tave kinaiic nieasureiTients were similar 
to those obtained from steady-state measurements. 

Preparation of DNA Trap. Calf thymus trap DNA was 
prepared as described (Joyce, 1989) except that the DNA 
was sheared before enzymatic digestion by passing it through 
a narrow-bore needle several times and that the restriction 
enzyme Mbol was substituted for SaulM, 

Single- Hit Kinetic Measurements in the Presence of Trap 
DNA. Primer 5'-end labeling using 0.5 equiv of [t-^^P] ATP, 
annealing, electrophoresis, and data analysis were done as 
described by Boosalis et al. (1987) except that a Molecular 
Dynamics Phosphorlmager was used to determine the inten- 
sities of gel bands rather than autoradiography and densi- 
tometry. Nucleotide solutions for kinetics were prepared by 
mixing a lOX Klenow reaction buffer consisting of 0.50 M 
Tris, pH 7.4 at 20 °C, 60 mM MgCh. and 5 mM dithiothreitol 
with lOX solutions of dNTPs and dHzO to give IX concen- 
trations when finally diluted in kinetics reactions. KF~ 
(D424A) was diluted 1:10 in a solution of 0.2 mg/mL BSA 
and 1 mM dithiothreitol. Kinetics reactions were initiated by 
mixing 4 ;iL of a dNTP/trap DNA solution consisting of 
equal volumes of dNTP solution and a solution of 4 mg/mL 
trap DNA with 4 mL of primer/template-Klenow solution 
consisting of equal volumes of labeled DNA and diluted KF" 
solution. After 15 s at 20 °C, reactions were quenched with 
24 mL of 20 mM EDTA in 95% formamide. Final concen- 
trations of KF- (D424A), primer/template, and trap DNA 
were 23 nM, 50 nM, and 1 mg/mL, respectively. Final 
concentrations of running-start bases were 40 /xM for dTTP, 
20 /xM for dCTP, and 5.5 mM for dGTP. Concentrations of 
dATP were varied between 0.085 and 19 mM, and concen- 
trations of dAPTP were varied between 0.1 1 and 57 mM. 

Control reactions were performed with up (universal 
primer)/tA2 by incubating the reactions for 5, 15, 50, a.nd 45 
s to ensure that a 15-s reaction time was long enough for the 
polymerase reaction to be completed. Control reactions were 
performed to determine the effectiveness of the DNA trap by 
preincubating the DNA primer/template and trap DNA 
before adding polymerase and dNTP solutions. The per- 
centages of primer extension observed when the primer/ 
templates were preincubated with trap DNA were not greater 
than 2% of the percentages of primer extension observed in 
kinetics reactions. 

Reactions with the KF" double mutant (D355A. E357A) 
contained 12 nM KF* 50 nM primer/template, and 1 mg/ 
mL trap DNA. Polymerase was diluted 1:10 in a solution 
that contained final concentrations of 0. 1 8 mg/mL BSA, 0.7 
mM DTT, and 2X Klenow reaction buffer. Nucleotide/trap 
DNA solutions and KF'/DNA solutions were made as above, 
and reactions were performed as described above. Final 
concentrations of the running-start bases were 6.7 ixM for 
dTTP, 6.9 mM for dCTP, and 6.8 ^M for dGTP. Concen- 
trations of dATP ranged from 0.085 to 18.7 mM, and 
concentrations of dAPTP ranged from 0.22 to 57 /xM. 

Measurement of Polymerase-DNA Dissociation Rates. 
Nucleotide and primer/template-polymerase solutions were 
prepared as described for the kinetics measurements in the 
presence of trap DNA. Reactions were initiated by mixing 
4 ^iL of the running-start dNTP/trap DNA solution with 4 
mL of the primer/template-Klenow solutions at 20 °C. After 
delay times between 3 and 1 50 s, a solution of a saturating 
concentration of dATP in IX Klenow reaction buffer was 
added to the reaction mixture, and the reaction was quenched 
after 15 s with 30 mL of 20 mM EDTA in 95% formamide. 
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For a 0-s de. \me reaction, a dNTP/tra^ PN^ : >-: 'r.n 
w?.:^ prepare J whicn con;aineQ ootn the running-start dNTP 
and dATP, and 4 ^iL of this solution was added to 4 ^L of 
primer/template-enzyme solution before the reaction was 
quenched at 15 s. Final concentrations of KF- (D424A), 
primer/template, and trap DNA were 23 nM, 50 nM, and 1 
mg/mL, respectively. Measurements were made twice for 
each primer/template. Nucleotide concentrations were as 
follows for the different primer/templates: 40 ^M dTTP and 

50 or 51 mM dATP for up/tA, and up/tAj, 20 mM dCT? and 
26 or 51 mM dATP for up/tG, and 5.6 mM dGTP and 26 or 

5 1 /iM dATP for up/tC. For reactions with the KF" double 
mutant (D355 A, E357A), final concentrations of KF". primer / 
template, and trap DNA were 12 nM, 50 nM, and 1 mg/mL, 
respectively. Each reaction mixture contained 51 mM dATP 
and the following concentrations of running-start nucleotide- 
6.7 mM dTTP for up/tAj, 6.9 /iM dCTP for up/tG, and 6 8 
/iM dGTP for up/tC. 

Values for the dissociation rate constants, itoff, were 
determined by fitting the fraction of primers extended from 
the site before the target site (site / - 1 ) to the target site (site 
/) as a function of time to a first-order exponential decay (see 
Figure 4). Control reactions in which primer/templates were 
preincubated with trap DNA before dNTPs and polymerase 
were added were performed with delay times between 10 and 
120 s to ensure that the trap was effective throughout the 
entire time course of the reactions. The percentages of primers 
extended in the control reactions at the longest delay times 
used in the reactions were not greater than 2% of the 
percentages of primers extended in koff reactions. 

Measurements of ko{{ in the presence of GTP which is not 
incorporated were done as above, using 25 nM KF" (D355A, 
E357A), 50 nM up/tAj, 1 mg/mL BSA, 49 /iM dTTP, and 
51 /xM dATP. GTP was added to the dTTP/ trap DNA 
solutions to give final concentrations of 0, 60, and 250 ^M 
GTP. KF' was diiiutea l AQ in a solution containing final 
concentrations of 0. 1 8 mg/mL BSA and 0.9 mM DTT before 
it was added to primer/template. 

Direct Competition, Primer 5'-end labeling, annealing, 
electrophoresis, and data analysis were done as described above 
for insertion kinetics. Nucleotide/trap DNA solutions and 
KF- (D355A. E3 5 7 A) /primer/ template solutions were pre- 
pared as for the separate kinetics measurements, and the 
general procedure was the same as that used for separate 
kinetics. Final concentrations of KF-, up/tC. trap DNA, and 
dGTP were 1 2 nM, 50 nM, 1 mg/mL, and 6.8 mM, respectively. 
Each reaction mixture contained 0.17 /iM dATi* and con- 
centrations of dAPTP ranging from 0.11 to 14.5 mM. 
Reactions were quenched after 1 5 s. Primers ending in either 
A or AP can be separated by running on a 1 6% polyacrylamide 
gel at room temperature; see Figure 5. 

The misinsertion efficiency of AP./ns = (A:cai/^m)Ap/(^cat/ 
A^m)A. can be calculated from the fraction of primers extended 
by A in the presence of competing AP as derived below. The 
fraction of primers extended by dAMP in the presence of 
dAPMP is given by the relative rates of insertion of A and 
AP, as in eq 2, 

U + Zap {k^JKJ^lK] + {k^JKJ^[K?] 

where /a and Zap are the band intensities for primers ending in 
A and AP, respectively, and [A] and [AP] are the concen- 
trations of dATP and dAPTP, respectively. 

Misinsertion efficiencies were calculated by rearranging 
eq 2 to eq 3 and fitting the observed band intensities at each 
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I dAPTP concentration to eq 3. 



-A 



/*+/. 



AP 



[A] + 



[A] 



(3) 



m/AP 



[AP] 



(*c../a:„)a 

The misinsertion efficiency calculated from direct competition 
usmg eq 3 can be compared to the values of ^c/ATm obuined 
rL'?^.l^*""!'* '''^ incorporation of dAMP as a function of 
[dATP] and of dAPMP as a function of [dAPTP] in separate 
cxpcnments, i.e., in the absence of direct competition. 

RESULTS 

To investigate the effects of nearest neighbor interactions 
on nucleotide insertion kinetics and fidelity, we measured the 
mismsertion of dAPMP and the correct insertion of dAMP 
opposite a template T in synthetic oligonucleotide primer/ 
templates of identical sequence except for the nucleotide at 
the 3 -pnmer terminus (5'-nearest neighbor). Kinetic studies 
of insertion were done by two methods. The first method 
monitored changes in the fluorescence of AP during poly- 
merase-catalyzed incorporation of dAPMP at millisecond 
intervals. The second method used a gel assay to measure the 
kinetics for insertion of dAPMP or dAMP opposite T (Boosalis 
et al., 1987; Goodman et al., 1993), from which the AP 
mismseruon efficiency can be deduced (Fersht, 1985). Al- 
ternatively, the gel assay can be used to measure the AP 
mismsertion efficiency directly by allowing the two substrates 
to compete for insertion into DNA. 

Insertion of dAPMP by KF- was measured next to the four 
common 5'-nearest neighbor nucleotides. Oligonucleotide 
sequencesareshowninChartll. Insertion of dAPMP opposite 
T m an oligonucleotide primer/template that differs in the 
Identity of the base 5' to the template T site (template tAz) 
was also examined to measure the effect of cross stacking on 
insertion. The majority of the fluorescence measurements 
were done using standing-start primer/templates (Chart 11) 
where the ohgonucleotide primer ends at the site immediately 
before the template target T site. In the gel assay, running- 
start primer/templates (Chart II) were used where insertion 
of one nucleotide is required to extend the primer to the target 
T site. Mutants of the large fragment of DNA polymerase 
I which were deficient in their 3'-5' exonuclease activity. 
KF- were used m this study so that the insertion kinetics were 
not complicated by exonucleolytic removal of inserted nu- 
cleotides. Two different exonuclease deficient mutants, one 
having a single amino acid substitution (D424A) and the other 
having two amino acid substitutions (E355A, D357A) were 
examined. 

Fluorescence Properties of2-Aminopurine. The fluores- 
cence emission of AP is sensitive to its environment (Ward 
et al 1969). When AP is present as a deoxyribonucleoside 
triphosphate, its steady-state emission is about 25-125 times 
greater, depending on surrounding sequence, than when present 
at a pnmer 3'-temiinus. When AP is present at the 3'-terminus 
of double-stranded DNA, its emission is quenched relative to 
smgle-stranded DNA (Figure la). The excitation maximum 
tor AP IS at 3 1 0 nm, and the emission maximum is at 365 nm 
for both the free nucleotide and the nucleotide incorporated 
into DNA. 

The fluorescence smMox^ intsnsitv i: 2ar.3it:ve to clis neare- 1 
neighbor base-stacking partner for AP. The intensities 
decrease as the base-stacking partner for AP is changed in the 
order T A > C> G. Quantum yields for AP within these 
pnmer/templates relative to free dAPTP are 3.7 3 5 2 4 
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Figure 1: Steady-state Huorescence emission spectra and time- 
resolved total intensity and anisotropy decays for AP in different 
environments. Conditions are described in Methods. (Panel a) Steady- 

c^f!nH T r 'P^^^'^ ^^PTP (a), a synthetic single- 
stranded oligo of Identical sequence to pG but containing AP at the 
3 -terminus (b), KF-(D355A, E357A) bound to a duplex made up 
01 the AP pnmer m spectrum b annealed to template tC (c). and the 
syn hetic AP-containing duplex free in solution (d). The inset shows 
the less mtense spectra on an expanded scale. (Panel b) Time-resolved 
total mtensity decays for dAPTP (a), a synthetic 17mer oligo of 
identical sequence to pC with the addition of AP at the 3'-terminus 
(b), a dup^x consisting of the primer in spectrum b annealed to 
template tG (c). and a duplex of the same sequence as pG/tC 
containing AP at the 3'-terminus bound to KF' (d). (Panel c) Time- 
resolved anisotropy decays for the AP species in panel b. 

and 0.8% for tAj, tT, tO, and tC templates, respectively. Using 
the quantum yield of 63% reported for dAPTP (Ward et al, 
1969) gives absolute quantum yields for AP within these 
pnmer/templates of 2.3, 2.2, 1 .5, and 0.5% for temolates tAi. 

iG, and tC, respectively. Time-resolved fluorescence 
emission and anisotropy decays for AP are sensitive to the 
environment. The fluorescence intensity of free dAPTP in 
solution decays as a single exponential with a lifetime of 8.57 
ns compared to 1 0.43 ns previously reported for the nucleoside 
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Figure 2: Time courses for steady-state incorporation of dAPMP 
into each of the five primer/templates. Reactions were performed at 
20 *C using 5 nM KF" (D355A. E357A), 70 nM primer/templates 
and 0 2 uM dAPTP as described in Methods. The mset shows a plot 
of observed reaction rateversusconcentrationofdAPTPforreactions 

containing 5 nM KF' (D355A, E357A) and 70 nM pC/tG asdescnbed 

in Methods. 

(Guest et al, 1991b). The triphosphate group most likely 
quenches the AP fluorescence to some extent. When AP is 
present at the 3'-primer terminus in duplex DNA, there is a. 
large decrease in the fluorescence lifetime (Figure 1 b) . Four 
lifetime components are required to fit the data, similar to 
previous reports for AP at the center of duplex DNA (Guest 
etal, 1991b;Nordlundera/., 1989). The fluorescence lifetime 
increases for AP at the 3'-primer terminus of duplex DNA 
when AP is bound toKF-(D355A,E357A),which corresponds 

with the «=2.5-fold enhancement of steady-state fluorescence 
for the KF--DNA complex over free DNA (Figure la.b). 

A single rotational correlation time (0.163 ns) was obtained 
from free dAPTP. When located at the 3'-primer terminus 
in DNA duplexes, AP exhibited long (--3-6 ns) and short 
(0 1 5-1 ns) rotational correlational times which compare well 
with a previous study (Guest et al., 1991b) (Figure Ic). The 
shorter correlation times are most likely due to AP base motion, 
while the longer times can be ascribed to some component of 
theoverall motion of the 17/30mer primer/templates. There 
is a dramatic increase in the long rotational correlation time 
for double-stranded DNA containing AP at the 3'-pnmer 
terminus when bound to KF" (D355A, E357A). This long 
rotational correlation time (--42 ns) probably reflects the 
overall motion of the large (69 kD) KF'-DNA complex. A 
shorter rotational correlation time is also present for the 
complex, and it is similar in magnitude to the one found for 
double-stranded DNA alone and probably reflects AP base 
motion within the complex. 

Steady-State and Pre-Steady-State Incorporation of 
dAPMP Measured by Fluorescence Spectroscopy. The 
kinetics of insertion of dAPMP by KF" can be measured by 
following the decrease in the steady-state fluorescence emission 
of AP during the time course of a reaction. Data for reactions 
on each primer/ template were normalized to the total change 
in AP fluorescence. The difference in insertion rates on the 
five temolates can be seen cleariy in Figure 2. Changing the 
downstream neighbor on the template from A (Figure 2, tAO 
to G (Figure 2, tAi) does not affect the insertion efficiency 
significantly. Rates were calculated by linear fits to data 
from reaction time courses at early times. Kinetic constants 
were calculated from plots of the observed rate of insertion 
versus dAPTP concentration. A typical plot is shown in the 
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Figure 3- Pre-steady-state kinetics of insertion of dAPMP into pC/ 
to bv KF- (D355A, E357A) at 20 **C as described inMethods. 
Concentrations of KF", DNA, and dAPTP were 200 nM. 500 nM, 
and 10 mM, respectively. 



Table I* Steady-State Kinetic Constants for Insertion of dAPMP 
opposite a Template T Determined by Huorescence Spectroscopy^ 



primer/ 5'-nearest 
template neighbor 



(nM) kc^i (s-») 



Jtai/^Tm slope* 
(MM-»rO (mM-» s-') 



pG/tC 
pC/tG 
pA/tT 
pT/tA, 
pT/tA: 



G 
C 
A 
T 
T 



1.1 ±0.40 
0.78 ± 0.09 
0.81 ±0.11 
0.90 ±0.32 
0.82 ±0.31 



2.0 ± 0.49 
1.5 ±0.08 
1.3 ±0.08 
0.41 ± 0.06 
0,48 ± 0.20 



1.8 

2.0 

1.5 

0.46 

0.58 



1.3 

1.4 

1.2 

0.59 

0.45 



Reactions were performed at 20 *»C as described in Methods using 
5 nM Klenow exo" (D335A, £357 A) and 70 nM primer /template. Refer 
to Chart II for oligonucleotide sequences. * Values are listed for the siopc 
of th e linear region of [dAPTP] vs rate plots. 

inset to Figure 2, and kinetic constants for insertion of dAPMP 
are given in Table 1. The relative rates of insertion of dAPMP, 
given by the ratios of [dAPTP] fccat/^^m on different primer/ 
templates, are slowest next to T. Changes in the relative 
insertion efficiencies of dAPMP next to different 5'-nearest 
neighbors result primarily from changes in /ccat- Values of 
apparent range from 0.78 to 1.1 mM, while /^cat values 
range from 0.41 s-> next to T to 2 s'^ next to G- Simil^^^ 
results were obtained by using higher [dAPTP] and DNA/ 
enzyme ratios. Values of k^i and Km for insertion on pC/tG 
were 0.95 s-^ and 1 .3 fiM, respectively, in reactions contammg 
5 nM KF- (D355A, E357A), 500 nM DNA, and 0.5-12 fiU 
dAPTP. 

Kinetics of insertion of dAPMP were measured for two 
primer/templates (pC/tG and pT/tAi) under pre-steady- 
state conditions (see Experimental Procedures) where : 
and primer/template were preincubated to form an enzyme- 
DNA complex before dAPTP was added (Figure 3). The 
relative efficiency of insertion given by the slope of the hnear 
region of plots of rate versus [dAPTP] was greater next to 
nearest neighbor C {k^JKn. = 0.60 s'O than next to nearest 
neighbor T {k^JK^ = 0.27 s-»). These rates are on the same 
order of magnitude as in steady-state experiments and show 
the same trend (i.e., insertion next to C is more efficient than 
insertion next to T). 

The change in the steady-state fiuorescsnce of 2-aminopu- 
rine during an enzyme-catalyzed reaction can be attributeo 
to incorporation of free 2-aminopurine into a DNA primer/ 
template and not to alternative modes of quenching, for tnc 
following reasons. ( 1 ) The decrease in AP fluorescence follows 
thestoichiometry of the reactions. For example, if a reaction 
mixture contained 1.2 ^M dAPTP and :00 nM I?NA, the 
observed decrease in the AP fluorescence was consistent witu 
the incorporation of 1/4 of the dAPTP into DNA. (2) ine 
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Table II: Kinetic Constants 
Determined Using the Gel Ab. 



Misinsertion Frequencies for Inseriion of dAMP or 
*ith a DNA Trap" 



jIP opposite a Template T by Kienow exo" (D424A) 



ito pC/ 
ethods. 
)0 nM, 



MP 

fy^^ 

lope* 
4-' s-^) 

ll 
1.4 

1.2 

3.59 

3.45 

s using 
Refer 
le slope 



vPMP 
PMP, 
imer/ 
:Iative 
sarest 
lies of 
/alues 
milar 
)NA/ 
C/tG 
lining 
2mM 

r two 
eady- 
!KF- 
yme- 
The 
linear 
;xt to 
rarest 
same 
show 
;than 

Qopu- 
buted 
mcr/ 
)r the 
(Hows 
ction 
u the 
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)Thc 



1 



primer/ 
template 


5'-nearest 
neighbor 


dNMP 


K,n (mM) 


(/2//l)niai 






Tin. 


up/tC 


\j 


A 


XJ.y 1 X U.*r*f 




< A u. n *7 


0.0 ± 2.4 


1 


up/tG 












2.0 ± 0.4 


0.31 ±0.06 


C 


A 


0.93 ± 0.37 


21 ±6 


3.8 ± 1.1 


4.3 ± 0.5 


1 


up/tAi 




AP 


4.6 ± 2,6 


22 ±9 


4.0 ± 1.7 


I.0±0.2 


0.23 ± 0.02 


T 


A 


0.48 ±0.13 


56± 11 


2.1 ± 0.4 


4.5 ± 0.4 


1 


up/tA: 




AP 


2.7 ±0.1 


46 ±5 


1.7 ±0.2 


0.63 ± 0.05 


0.15 ±0.03 


T 


A 


0.34 ± 0 


38 ± 5 


0.83 ±0.10 


2.4 ± 0.3 


1 






AP 


2.5 ± 0.4 


32 ±5 


0.69 ±0.10 


0.28 ± 0 


0.12 ±0.02 



are the average of two separate experiments. Refer to Chart II for oligonucleotide sequences. 



Table III: Kinetic Constants and Misinsertion Frequencies for Insertion of dAMP or dAPMP opposite a Template T by KJenow exo" (D355A 
E357A) Determined Using the Gel Assay with a DNA Trap* 



primer/ 
template 


5'-nearest 
neighbor 


dNMP 


(mM) 






W^m(MM-' s-') 


f\D% 


up/tC* 


G 


A 


0.41 ± 0.06 


19±0 


4.6 ±0 


11 ±2 


1 






AP 


1.8 ±0.1 


16± 1 


4,1 ±0.2 


2.3 ± 0.02 


0.20 ± 0.02 


up/tG 




Avs AP^ 










0.23 ± 0.01 


C 


A 


0.31 


14 


1.6 


5.0 


1 


up/tAi 




AP 


1.9 


16 


1.8 


0.92 


0.18 


T 


A 


0.20 


59 


0.64 


3.2 


1 






AP 


0.95 


45 


0.50 


0.52 


0.16 



*^w«vviwiw TTwiw t«-iiuiiii6u ai ^ aa ucst-i lucu in mciDuu:* uiing nivi r^jcnow cxo ^^UJ^^A, / ano nM runnmg-start primer/ templates. 
Refer to Chart II for oligonucleotide sequences. * Results are the average of two separate experiments. ^ Results from direct competition reaction under 
the same conditions as separate kinetic reactions, as described in Methods. 



decrease in AP fluorescence follows the stoichiometry of the 
reaction regardless of whether the polymerase is present in 
stoichiometric amounts with the DNA or the DNA is in a 
large excess, indicating that there is no nonspecific binding 
of the AP to the polymerase causing the observed quenching. 
(3) In a reaction containing 100 nM dAPTP, 80 nM up/tC, 
and 5 nM KF" where dAPMP was not incorporated opposite 
a C in template tC (data not shown), no decrease in AP 
fluorescence was observed, which further indicates that there 
is no nonspecific binding of AP to enzyme-DNA or bleaching 
of AP on the time scale of the reaction that leads to a decrease 
in AP fluorescence. (4) In reactions where dATP was allowed 
to compete with dAPTP for insertion (data not shown) both 
the observed rate of dAPMP incorporation and the total 
incorporation of dAPMP decreased as predicted from the gel 
competition assay (see Table III) . (5) Time-resolved rotational 
anisotropics and total intensity decays measured on completed 
reactions containing an excess of DNA over enzyme are 
consistent with those observed for AP at the 3'-primer terminus 
of synthetic primer/templates. 

The differences in the intensities of AP at the 3'-terminus 
of a synthetic duplex free in solution or bound to KF" are 
small compared to the intensity of dAPTP. AP fluorescence 
increases by 2.5-fold when a synthetic primer/template 
containing AP at the 3'-primer terminus is bound to Kp- 
(Figure la), compared with a 25-125-fold decrease in 
fluorescence between free dAPTP and AP in duplex DNA. 
Thus, the observed quench in AP fluorescence does not arise 
as a result of release of the DNA product containing AP from 
the enzyme to an aqueous environment. We cannot rule out 
the possibility that the fluorescence of AP is quenched when 
it binds to the enzyme-DNA complex in a conformation where 
it is base paired with the template, stacked with the primer 
terminus, and poised for phosphodiester bond formation. It 
seems likely that the AP insertion rates may reflect a slower 
step than phosphodiesler bond formation, e.g., a conforma- 



tional change that orients the substrates in position to react 
(Kuchta et ai, mi). 

Biphasic reaction kinetics, which would indicate that the 
first turnover of enzyme-DNA substrate to enzyme-DNA 
product was faster than subsequent rounds of synthesis, were 
not observed for any of the DNA sequences. The rate constants 
for polymerization {k^at values) are similar for both the steady- 
state and the pre-steady-state experiments, indicating that 
both types of experiment are measuring the same kinetic step. 
In a single-turnover exneriment containing 1 mMKF-(D355A, 
E357A) and 0.5 /xM DNA (pT/tAi). a value of W^m = 
0.63 S-* was measured, which is similar to that obtained in the 
steady-state experiments (Table I). These results indicate 
that the observed rate is less than or equal to the rate of release 
of DNA product from polymerase. 

Gel Assay Run under "^Single Completed Hit"* Conditions. 
Kinetics of insertion for both dAPMP and dAMP next to 
different base-stacking partners were measured using a gel 
assay (Boosalis et al., 1987; Goodman et aL, 1993). When 
reactions are performed with a large excess of DNA primer/ 
template in comparison with polymerase so that fewer than 
20% of the labeled primers are extended, gel bands arise from 
a single encounter of a primer/ template with a polymerase 
(single-hit conditions) (Goodman et al., 1993). Under these 
single-hit conditions, fewer than 2% of primer/ templates are 
extended more than once. Using the primer/template in large 
excess over the polymerase also ensures that observed band 
intensities contain an insignificant contribution from quenching 
of the reactions before the polymerase has completed synthesis 
on a given primer /template, thus stopping a polymerase 
prematurely (completed-hit conditions). 

When polymerase reactions are performed under ''single 
completed hit" conditions, the polymerase either inserts a 
nucleotide opposite the target site, measured by the intensity 
of the gel band at the target, or dissociates from the template 
prior to reaching the target, measured by the intensity of the 
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gel band at the template site prior to tht ..<irget (Goodman et 
fl/., 1993). The ratio of the band intensities at the 

target site (site /) and the site immediately before the target 
site (site / - 1) is a measure of the relative rates of extension 
of a primer from site / - 1 to site i and dissociation at site / 
- 1 ? Another way to achieve single completed hit conditions 
is to run the reactions in the presence of a large excess of 
unlabeled trap DNA so that when the polymerase dissociates 
from the labeled DNA primer/template, it interacts with the 
large excess of unlabeled trap DNA rather than reassociating 
with labeled primer/ template DNA. A plot of the observed 
ratio of band intensities, (I,/I,_i)obs. versus [dNTP] follows 
Michaelis-Menten kinetics and yields values for (Ii7I,-i) 
and apparent K^a (Boosalis et a/., 1987): 



max 



(V^/-l)obs = 



(V/.-l)max[dNTP] 

[dNTP] + 



(4) 



The quantity (I//I/-i)inax measures the ratio of the forward 
polymerization rate constant, fccat, to the dissociation rate 
constant, koti (at site i - 1) (Goodman et al, 1993). Thus, 
by measuring polymerase-DNA dissociation rates at site / - 
1, as described in the following section, we can calculate the 
slowest step, /Ccat. along the pathway to extend a primer from 
site / - 1 to I using eq 5. 



^cat * (^i/A-l)mai^ofr 



(5) 



Mechanistic possibilities for this step include enzyme con- 
formational changes (Kuchta et ai, 1 987), translocation along 
the primer /template, and phosphodiester bond formation 
(Kuchta et aL, 1988). Product release rates cannot contribute 
to itcat when reactions are carried out under single completed 
hit conditions. 

Results for kinetics of insertion measured in the presence 
of a DNA trap are similar for both exonuclease-deficient 
mutants of Klenow (Table II for the single mutant, D424A, 
and Table III for the double mutant, D355A, E357A). Rate 
constants for dAMP insertion (/ccat)» calculated by using eqs 
4 and 5, are similar to those for insertion of dAPMP on the 
same primer/ template for each polymerase. Values of Km 
for insertion of dAPMP are about 4-8-fold larger than 
values for insertion of dAMP, while kan values differ by only 
about 5-30%, Thus, misinsertion of dAPMP depends more 
on differences in Km than on differences in /ccat- In agreement 
with the fluorescence data for insertion of dAPMP (Figure 
2), rates of insertion of both dAPMP and dAMP are faster 
following a primer terminus G or C than a primer terminus 
T. 

Polymerase Dissociation Rates from Primer/Templates. 
In order to calculate /ccat (eq 5) and make comparisons between 
Jtcat values for insertion of dNTPs on primer /templates of 
different sequences, it is necessary to measure /Coff since this 
rate constant changes with different DNA sequences. For 
these reactions, a solution of KF" was preincubated with a 
5'-^2P-labeled primer annealed to unlabeled template before 
a solution of the unlabeled running-start dNTP and an excess 
of trap DNA were added. After a delay time between 0 and 
150 s, a solution of a saturating concentration (51 /iM) of 
dATP was added. During the delay time, some of the enzyme 
remained bound to the primer/ template while some of the 



^ In cases where there is extension beyond the target site, the intensities 
of the bands extended to the target length and to greater than the target 
length must be summed ((// + //+] + //+2 + —)/li-i) to determine the 
relative rates of insertion at site i to polymerase dissociation at site i - 
1. 



enzyme dissociated an. .'teracted with the excess trap DNa. 
The polymerase that remained bound to primer/template was 
extended to the target T site in the presence of dATP. a ge| 
showing the results of a typical koff determination appears in - 
Figure 4a. The fracticn of polymerase rsmaininr bound lo 
the primer/template at any given delay time is equal to I,/(i^ 
+ I/_i). A plot of h/ih + I,_i) versus the delay time decayj ^ 
as a first-order exponential with rate constant ^offCFia; 
(Goodman et aL, 1993). 

Dissociation rates were measured for both KF" mutants 
The rate of dissociation (measured in two separate experiments 
for each primer/template) of KF" (D424A) is slightly faster 
when the primer ends in G (0.26 ± 0,02 s"') than when it ends 
in C (0.18 ± 0.01 s~0, and about 7 times faster when the 
primer ends in G than in T (0.037 ± 0.006 s"'), in reactions 
containing 5.6, 20, and 40 ^M running-start dGTP, dCTP, 
and dTTP, respectively. Changing the base downstream of f 
the target site from A (up/tAi) to G (up/tA2) rcdu:..s k^ } 
by a factor of 1 .7 to 0.022 ± 0.001 s"* . Dissociation rates for S 
the double mutant (D355A, E357A) show the same trend. 4 
Dissociation is faster following a primer terminus G (0.24 ^% 
0.02 s"') than following C (0. 1 1 s"* ), and about 20 times faster | 
following G than following T (0.01 1 S'O* in reactions where 'jl 
running-start dNTP concentrations were 6.8, 6.9, and 6.7 mM # 
for dGTP. dCTP, and dTTP, respectively. Large differenceif 
in dissociation rates also occur at different sites on the same- 
primer/template. Dissociation of KP (D424A) after inrertion^ 
of dTMP (Figure 4a) on template tAi occurs ai a . utc of; 
0.037 ± 0.006 s'*, while dissociation one base downstream^ 
after insertion of dAMP (Figure 4b,c) occurs at a rate ^iZ 
estimate to be at least 0.6 s■^ or at least 16-fold faster. 

Insertion Fidelity. Misinsertion efficiency (/jns), given 
the relative rates of insertion of incorrect (w) and correct (f)f 
nucleotides, /ins = i?(w)/u(r), can be deduced by measuring: 
the kinetics of insertion of incorrect and correct nucleotidci 
separately and then comparing the ^cat/^m ratio for cac 
(Fersht, 1985). When misinsertion kinetics are asi 
using the gel assay, the misinsertion efficiency is given b] 
relative insertion efficiencies of wrong and right in terms. 

(Ii/Ii-l)max» ^ 



fins 



(< 



Note that it is not necessary to determine the enz ^ 
dissociation rate, /com in order to calculate misinserti .. 
efficiencies since the dissociation rate at site / - 1 is tlie sa 
regardless of the identity of the dNTP to be inserieJ at 
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Misinsertion efficiencies next to different 5'-nearest n 
bars for both KF~ mutants were calculated by using <4 
(Tables II and III). The greatest effect on fim of v;^ * 
nearest neighbor primer termini in otherwise identical pnintfi 
template sequences was observed for the KF~ (D424A) mut? 
polymerase, where AP insertion efficiencies were 0.3 1 ± 0' 
0.23 ± 0.02, and 0. 1 5 ± 0.03 next to G, C, and T, respectivr 
A change in the template base to the 5'-side of th- iargc?r 
site from A to G (Chart II) had little or no effect on the ^ 
insertion efficiency next to primer T (Table II). ThuS» 
expected, the template cross-stacking perturbation ap^" 
to have less influence than the r^earest neighbor intera 
between the primer terminus and the incoming dNTP on 
AP nucleotide insertion efficiency. There is a sin3 
difference in misinsertion efficiencies for KF" (^•'•^^ 
E357A) on the different primer/templates. Misins 
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Figure 4: Measurements of kotr at two different sites on the same template, tAi. (a) A gel showing measurement of KF" (D424A) dissociation 
rate from up/tAi (15/30mer) after insertion of dTMP at 20 **C as described in Methods. Reaction mixtures contained 23 nM KF" (D424A), 
50 nM up/tAi, 1 mg/mL trap DNA, 40 /iM dTTP, and 51 mM dATP. (b) A gel showing dissociation of KF" (D424A) following insertion 
of dAMP on pT/tAi {16/30mer). Reactions mixtures contained 23 nM KF" (D424A), 50 nM pT/tA,, 1 mg/mL trap DNA, 40 fiM dTTP. 
and 51 fiM dATP. (c) Plots ofli/ih + h) versus time for the data in (a) and (b). For (a) the rate of dissociation following insertion of dTMP 
opposite A to form a 16mer is calculated where Ii represents the intensity of the band due to the 16mer product and I2 represents the sum 
of the band intensities for the 17mer and 18mer products. For (b) the dissociation rate following insertion of dAMP opposite T to form a 17mer 
is calculated where /i represents the intensity of the band due to the 17mer product and /j represents the intensity of the band due to the 1 8mer 
oroduct. The plots decay as first-order exponentials from which k^n values of 0.031 for the 16/30mer (•) and >0.6 s'^ for the 17/30mer 
A) were calculated. 



efficiencies next to nearest neighbor G, C, and T are 0.20 ± 
0.02, 0.18. and 0.16, respectively. 

Direct Competition Assay. We verified that the misinsertion 
efficiency deduced by measuring insertion kinetics for d APMP 
and dAMP separately (eq 6) is equal to that obtained when 
dAPTP and dATP compete directly for insertion opposite T. 
Oligonucleotide products containing either 3'-terminus A or 
AP were clearly resolved by PAGE (Figure 5). The misin- 
ertion frequency of 0.23 ± 0.01 found for direct competition 
.vas comparable to the misinsertion efficiency of 0.20 ± 0.02 
determined by measuring kinetics separately. 

Increase in Primer Utilization and Nucleotide Stimulation 
of Polymerase Dissociation. An unexpected observation was 
made concerning the extension kinetics of KF~ in the presence 
of dAPTP. When the gel assay was carried out in the absence 
of a trap under steady-state conditions using a large excess 
of DNA over polymerase and where each polymerase molecule 
must extend more than one primer/template, the rate of primer 
:ilization increased as the concentration of dAPTP increased 
even though the concentration of the running-start base 
remained constant. This effect was especially pronounced 
for reactions with primers terminating in T (up/tAi and up/ 
tA2) and occurredto a smaller extent on the primer terminating 
in G (up/tC), but it was not observed on the primer terminating 
in C (up/tG). For example, during a 2-min reaction using 
up/tAi with 0.073 nM dAPTP about 5% of the primers were 
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Figure 5 : A gel showing the results of direct competition for insertion 
of dAMP and dAPMP into primer/template up/tC. Reaction 
mixtures contained a constant concentration (0.17 mM) of dATP 
and increasing concentrations of dAPTP as described in Methods. 
5'-"P- Labeled 17mer products containing either a 3'-terminaI A or 
AP were resolved by PAGE. 

extended, but with 19 mM dAPTP about 30% of the primers 
were extended. The percentage of extended primers at 
intermediate concentrations increased as the concentration 
of dAPTP increased. These results imply that increasing the 
concentration of dAPTP. which is the second nucleotide to be 
inserted, increases the steady-state rate of primer utilization. 
It is not clear how the dAPTP is stimulating the rate of primer 
utilization by KF" in an apparently sequence-dependent 
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manner. A similar observation was made for polymerase 
reactions with other mutants of Klenow fragment (Polesky et 
al, 1992) and was attributed to dNTP-assisted polymerase- 
DNA dissociation. 

Although product dissociation is not the rate-determining 
step in the extension of a single primer from site i - 1 to site 
I, it may be the rate-determining step in the overall steady- 
state cycle where a polymerase binds a primer/ template, 
extends the primer, dissociates from that primer/ template 
either before or after extension to site i, and then binds a new 
primer /template to continue the cycle. Dissociation rates for 
KF- (D355A, E357A) bound to up/tAi were measured in the 
presence and absence of a ribonucleotide (GTP), which was 
not incorporated, to determine if high nucleotide concentrations 
could stimulate dissociation. Dissociation rates increased as 
the concentration of GTP increased. Values of /cofr were 0.023, 
0.039, and 0,065 s"* for reactions which contained 0, 60, and 
250 AtM GTP, respectively. An increase in nucleoside 
triphosphate concentrations can apparently increase poly- 
merase-DN A dissociation rates for these mutant polymerases; 
however, these nucleotide concentrations, which result in a 
3-fold increase in the dissociation rate, are relatively high in 
comparison with the nucleotide concentrations used in kinetic 
assays. 

Dissociation rates at site / - 1 and site / were also measured. 
During kinetics reactions, as the concentration of the target 
nucleotide is increased, the fraction of polymerase that 
dissociates at the site before the target site (site / - 1 ) decreases. 
If dissociation after insertion of the running-start nucleotide 
is significantly slower than dissociation after insertion of the 
target nucleotide, and if dissociation is the rate limiting step 
for steady-state primer utilization, as shown previously for 
insertion of correct dNTPs (Kuchta et a/., 1987), then the 
observed recycling time for polymerase will decrease as the 
fraction of polymerases dissociating after insertion of the target 
nucleotide increases. Thus, the rate of primer utilization will 
increase as the concentration of target nucleotide increases. 
Dissociation was measured on template tAi after insertion of 
dTMP and after insertion of dAMP or dAPMP (see above 
and Figure 4) and on tC after insertion of dGMP and after 
insertion of dAMP or dAPMP (data not shown). In both 
cases, dissociation was slower following insertion of the 
running-start base than following insertion of dAMP or 
dAPMP, which was too fast to measure. We estimate that 
dissociation rates following insertion of dAPMP on primer/ 
templates pG /tC and pT/tAi by KF' (D424 A) must be greater 
than or equal to 0.7 and 0.5 s"* for pT/tAi and pG/tC, 
respectively (assuming that reactions have progressed through 
4 half-lives by the first time points at 4 and 5 s, respectively). 

Both dNTP-dependent polymerase-DN A dissociation rates 
and different dissociation rates at different primer/template 
sites may be contributing to the observed increase in primer 
utilization. We have not observed a nucleotide stimulation 
effect with other polymerases, such as Sequenase (T7 DNA 
polymerase), avian myeloblastosis reverse transcriptase, or a 
3'— 5' exonuclease-deficient mutant of T4 DNA polymerase, 
in similar assays (L. B. Bloom and M. F. Goodman, 
unpublished results). 

DISCUSSION 

Local DNA Sequence Effects on Insertion Kinetics. A main 
goal of this paper was to examine specific sequence effects on 
DNA polymerase reactions. Changing the identity of the 
base pair immediately 5' to the nucleotide to be inserted had 
a significant effect on both insertion kinetics and mismseruon 
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efficiencies. Becau-. misinsertion efnciencies fcr ,a p i^,- nr.u'-.h 
larger than for natural nucleotides, it is a more sensitive probe 
for measuring differences in insertion due to differences in 
local DNA sequences. For KF-(D424A), we observed that 
misinsertion of dAPMP opposite T decreased to 0.3 1 ± 0.06. 
0.23 ± 0.02, and 0.1 5 i 0.03 for primers terminating with G, 
C, and T, respectively (Table II). Changing a downstream '^"^ 
template base from A to G had a negligible effect on dAPMP 
insertion next to primer T. For the double mutant KF- 
(D355A, E357A), differences in misinsertion efficiencies with 
different nearest neighbors showed a smaller variation, 
although the trend was similar (Table III). Misinsertion next 
to G (0.20 ± 0.02) is greater than misinsertion next to T 
(0.16). Misinsertion efficiencies for dAPMP by both KP ;A 
mutants ranged between 0.12 and 0.31, which is higher than W 
the average value of 0.15 reported for T4 DNA polymerase 
at other sites (Bessman et al, 1974; Clayton et al, 1979; Pless | 
& Bessman, 1983). These differences in relative rates of 
insertion given by the ratios of /ccat/^m for a given dNMP '4 
next to different base-stacking partners seem to arise pre- '"^ 
dominantly fi-om differences in the /ccat values, which vary by 
a factor of 7-8. Values for A:^ differ by a factor of 2-3 for 
a given dNMP on different primer/templates. 

Base-stacking interactions between the incoming nucleotide |||^ 
and the 3'-primer terminus are likely to be contributing to the ^ 
observed changes in insertion kinetics. Melting temperatures 1^:^ 
(Ttn's) have been calculated for DNA doublets which contain 
either A-T or APT base pairs (Petruska & Goodman, 1985). 
The relative values of Tm reflect the relative stabiliiies of the W 
doublets, which are due largely to base-stacking interactions 
between the two base pairs. Calculated Tm's are 69.7. 46.4. |g 
39.8, and 28.5 °C when the 5'-base-stacking partners for AP 
are G, C, A, and T, respectively, and 86.4, 54.7, 54.5, and 36.7 ^ 
''C when the 5'-base-stacking partners for A are G, C, A, and ^ 
T, respectively (Petruska & Goodman, 1985), indicating that ^ 
relative base-stacking energies vary with the 5'-base-stacking 
partner in the order G > C > A > T. Quantum-yield M 
measurements made on synthetic primer/ templates with » 
identical sequences to the products of insertion by KF* arc 
correlated with the calculated T^'s. Quantum yields increased 
as the 5'-nearest neighbor base-stacking partner to AP was 
changed as follows: G<C<A«T. An increase in quantum ;^ 
yield reflects a decrease in the interactions between AP and ^| 
its neighboring bases on the primer/template which quench ^ 
AP fluorescence. These experimental results support the 
calculated Im's and relative stabilities of the doublets. The 
relative rates of both dAPMP and dAMP insertion in primer/^ 
templates with different 5'-nearest neighbor base-stacbng^^ 
partners correlate with the melting temperatures of the DNA^^^^ 
doublets and the relative quantum yields. As seen in Tabl« 
II and III, the relative rates of insertion of both dAPMP anfl 
dAMP vary with the 5'-nearest neighbor in the order G > ^1 
> T. _ 

Local DNA sequence has a large effect on KF -DNA, 
dissociation rates as well as insertion kinetics. Sequen^,^ 
dependent differences in dissociation rates have also oec^,. 
observed for KF+ (Kuchta et al, 1987) and HIV-1 revcijc.^ 
transcriptase (Yu & Goodman, 1992). About a 7-^i , 
difference in ^off was seen for KF" (D424A) for a pri^^ 
terminating in G (0.26 ± 0.02 s'^) compared with a pr^^. 
terminating in T (0.037 ± 0.006 s'O. and about a 
difference was seen for KF- (D355A, E357A) f^^P^^ 
terminatinginG(0.24±0.02s-0anaT(C.0II s-n. p^^C 
the base in the single-stranded rerrion of the; ^^^'^-^^/|^^:.5csT 
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koff by about a factor of 2 for KF" (D424A). KF has been 
shown to bind over 5-8 h? airs of the duplex region of the 
pnmer/template (Allen 1989; Guest ei aL, 1991a) in 
addition to bases in the single-stranded region of the template, 
so it was initially surprising that a change in 1 base pair couid 
result m a 7-20-foId change in dissociation rate. Changes in 
some bases in the DNA strand are likely to have a more 
significant effect than changes at other sites. Changes in the 
region close to the site where the new nucleotide is to be inserted 
and where binding interactions with the polymerase are likely 
to be stronger would be expected to have a greater effect on 
the dissociation rate than changes in other more distant sites. 
When these differences in dissociation rates are viewed in 
terms of free energy differences for the two reactions, the 
energy differences are relatively small, only about 1 kcal/ 
mol. 

Interpretation of Kinetic Constants Derived from the Gel 
Assay. When the gel assay is done in the presence of a DNA 
trap, reactions are the result of a single encounter of a DNA 
polymerase with a primer/template. The kinetic constants 
correspond to rate-limiting steps in extension of primer/ 
templates from site / - 1 to site / and not product release. It 
is possible that the rate-limiting steps differ for different 
nucleotides and at different primer/ template sites so that A:cat 
and measured for one nucleotide or at one site may represent 
different mechanistic steps than k^, and measured for 
another nucleotide or at a different site. Misinsertion 
frequencies, however, are robust. The ratio of k^^JK^ [or 
(WIi-Omax/ATm] for insertion of an incorrect and a correct 
nucleotide at the same site is a measure of the relative 
efficiencies of insertion (Goodman et al., 1993). 

Misinsertion efficiencies can be measured by direct com- 
petition of an incorrect nucleotide in the presence of a correct 
nucleotide, or they can be calculated, as in eq 6, from the 
values of k^,/K^ [or (I//I/-i)„ax/i^m] measured for each 
nucleotide separately (Boosalis et al., 1987; Fersht, 1985). 
Misinsertion efficiencies for natural nucleotides are often hard 
to measure in direct competition experiments because they 
tend to be on the order of IQ-^-iQ-s. Often concentrations 
of dNTPs are required which inhibit polymerase since the 
correct nucleotide must be maintained at a concentration in 
excess of the DNA concentration and a large pool bias of the 
mcorrect nucleotide is required for the incorrect nucleotide 
to compete effectively for insertion. We have demonstrated 
that misinsertion efficiencies deduced by measuring kinetics 
for insertion of dAMP and dAPMP separately using the gel 
assay agree within experimental error with misinsertion 
efficiencies measured in direct competition. The misinsertion 
efficiency on primer/template up/tC was 0.23 ± 0.01 for 
dAPMP measured in direct competition with dAMP and 0.20 
i 0.02 from separate kinetics measurements (Table III). 

2-Aminopurine as a Fluorescent Probe, Two methods for 
measuring polymerase kinetics were used in this study, 
fluorescence spectroscopy combined with rapid-mixing stopped- 
flow techniques and a gel fidelity assay. We found that rates 
and kinetic constants determined using pre-steady-state kinetic 
measurements were similar to those obtained from steady- 
state measurements. 

AP has a much higher fiuorescence intensity when present 
^s a nucleotide than when present in DNA. We have shown 
that a decrease in AP fiuorescence can be used to follow the 
kinetics of nucleotide insertion by a DNA polymerase, while 
a corresponding increase in fluorescence can be used to follow 
exonucleolytic removal of AP from a 3'-primer terminus (L. 
B. Bloom, M. R. Otto, Goodman, and Beechem, unpublished 




results). Although not extensively investigated in this study 
the fluor :ice of AP is also sensitive to interactions with 
KF-. The. . IS a small increase in fiuorescence when double- 
stranded DNA containing AP at the 3'-primer terminus is 
bouna to KF" and a corresponding increase in the rotational 
correlation time for AP in the complex. 

Fluorescence spectroscopy is a powerful tool for studying 
DNA polymerase catalyzed reactions because dynamic in- 
formation can be obtained about these reactions in real time 
In combination with a fluorescent nucleotide analog such as 
2-aminopunne, fluorescence spectroscopy can be used to follow 
polymerase-catalyzed reactions on a millisecond time scale 
corresponding to single- turnover events for nucleotide insertion 
and removal. Another advantage of using AP as a fluorescent 
probe IS that it does not appear to perturb DNA structure 
when paired opposite T (Nordlund et al., 1989; Sowers et aL, 
1 986). unlike nucleotide analogs containing bulky fluorescent 
moieties. 2-Aminopurine's steric properties would be expected 
to be similar to normal nucleotides in the polymerase active 
site. Because the fluorescence properties of AP are sensitive 
to its environment and because it forms a reasonably good 
base pair with T, it may be a useful probe for studying dynamic 
mteractions within DNA (Guest et aL, 1991b; Nordlund et 
ai, 1989) and dynamic interactions between other DNA 
binding proteins and AP-containing DNA. 

Comparison of Fluorescence Measurements and the Gel 
Assay. A direct comparison of dAPMP incorporation kinetics 
was made using the fluorescence assay on both steady-state 
and pre-steady-state time scales and using the gel assay (Tables 
I-III), Results from all three assays were similar for the 
primer /templates used to measure the kinetics of insertion of 
dAPMP. Values for k^,/K^ which correspond to the 
efficiency of insertion of 2-aminopurine ranged'from 0.46 to 
2.0 mM-i S-' (Table I) for the fluorescence assay under steady- 
state conditions and from 0.52 to 2.3 mM-» s-» for the gel assay 
(Table III). Values for ^cat/AT^ measured under pre-steady- 
state conditions on primer/templates pC/tG and pT/tAj were 
0.60 and 0.27 mM"' s"' , respectively, for KF- (D355 A, E357 A). 
Values of /:cat ranged from 0,41 to 2.0 s-» for the fluorescence 
assay under steady-state conditions (Table I) and from 0.50 
to 4.1 s-> for the gel assay (Table III). 

For the fluorescence assay, reactions were performed by 
preincubating the primer/template and enzyme and then 
initiating the reaction by the addition of dAPTP. If the first 
turnover of substrates to products occurred at a faster rate 
than subsequent turnovers, biphasic kinetics would have been 
observed in steady-state experiments where the ratio of enzyme 
to DNA was 1:14. Biphasic kinetics would indicate that a 
slower kinetic step occurred after incorporation of dAPMP 
that limited the steady-state rate of incorporation. We have 
measured the rate of insertion of dAPMP and the rate of 
dissociation following insertion of dAPMP. Insertion rates 
are relatively slow for dAPMP (0.4 < Jtcat < 5.0 s-> depending 
on sequence; Tables I-III), and dissociation rates are relatively 
high after insertion of dAPMP (estimated k^u > 0.5 s-»). in 
comparison with rates of insertion and dissociation reported 
for the correct nucleotide (Kuchta et al., 1987). The slow 
rate of insertion of dAPMP and the fast rate of dissociation 
are consistent with the apparent lack of biphasic kinetics and 
suggest that dissociation occurs at a rate similar to or faster 
than insertion, in contrast to the ^800-fold greater rate of 
insertion than dissociation for the correct nucleotide (Kuchta 
et aL, 1987). If a small burst was obscured by noise in the 
data in experiments where a polymerase-to-DN A ratio of 1 : 1 4 
was used, then we would have measured raster rates of insertion 
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in pre-steady-statc experiments wh. - enzyme-to-DN A ratios 
were higher (2:5 and 2: 1). The similarity of the reaction rates 
measu-ed in both pre-steady-state and steady-state experi- 
ments and the apparent lack of biphasic reaction kinetics 
suggest that both assays are measuring the same kinetic steps. 
Because the gel assay, done in the presence of a DN-V^ap, 
is the result of a single encounter of polymerase and DN A, 
all three assays are likely to be measuring steps in the reaction 
pathway that occur prior to release of product DN A (Goodman 
et al 1993). Mechanistic possibilities for this step include 
but are not limited to a conformational change in the enzyme, 
translocation along the DNA primer/template, and phos- 
phodiester bond formation. 

CONCLUSIONS 

We have used two independent methods to measure insertion 
kinetics and fidelity for KF" as a function of the 5'-nearest 
neighbor base-stacking partner. Previous kinetic studies have 
not examined in a systematic manner the sequence dependence 
of DNA polymerase nucleotide insertion rates. While the 
effects of 5'-nearest neighbor base composition were exammed 
in only a single sequence context, it is clear that these small 
changes cause significant variations in insertion kinetics, 
fidelities, and dissociation rates for KF". It remains to be 
seen whether these results hold within other sequence contexts 
and using other polymerases. The fidelity of insertion by 
different polymerases may be affected differently and to 
varying degrees by nearest neighbor base-stacking partners 
and different local sequence contexts. Incorporation effi- 
ciencies of dAPMP by bacteriophage T4 antimutator L141 
DNA polymerase have been shown to vary greatly at different 
sites, while those for wild-type T4 DNA polymerase and KF 
vary to a smaller extent at those same sites (Pless & Bessman, 
1983). Polymerases with different biological roles and from 
different organisms may use different mechanisms and kinetic 
steps to achieve fidelity of nucleotide insertion (Capson et al., 
1992- Kati et al., 1992; Kuchta et al., 1987, 1988; PateUt al, 
1991- Wong et al, 1991). Relatively small differences m 
base-stacking energies can lead to relatively large differences 
in k^JKa at different sites since AAG = -RT ln[(A:cat/ 
A:™)si«A/(ifccat/A:n,)sit.B]. It wiU be important to determme 
how local DNA sequence generally affects insertion kinetics 
and fidelity for DNA polymerases from different sources. 

A novel method for studying polymerase-catalyzed reactions 
in real time which is based on fluorescence changes for 
2-aminopurine in different environments has been introduced. 
Thevalidity of this spectroscopic methodology has been shown 
by the similarity of results obtained by using a kinetic gel 
assay. The real-time spectroscopic approach, however, can 
provide additional information concerning intermediate states 
not observable by examination of product formation alone. 
Although not presented in this study, dynamic interactions 
between a polymerase and a 2-aminopurine substrate (either 
nucleotide or DNA containing AP) in the active site can be 
examined during the reaction. In this paper, we have shown 
that fluorescence quench of 2-aminopurine on a millisecond 
time scale can be used to measure nucleotide insertion kinetics, 
and depolarization of 2-aminopurine can be detected on a 
nanosecond time scale, corresponding to rotational diffusion, 
in the active cleft of Klenow fragment. This methodology 
can be applied to studies of a wide range of enzymes, such as 
other DNA and RN A polymerases, exonucleases (the increase 
in AP fluorescence can be followed as AP is excised), and 
polymerase accessory proteins, to measure reaction kinetics 
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on a millisecond scale and dynamic interactions between 
the enzymes and ine AP substrates. 
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abstract: The fluorescent properties and their sensitivity to the surrounding environment of the nucleotide 
analog 2-aminopurine (2-AP) have been well documented. In this paper we describe the use of 2-AP as 
a direct spectroscopic probe of the mechanism of nucleotide incorporation by Escherichia coli Pol I Klenow 
fragment (KF) and bacteriophage T4 DNA polymerase. The nucleotidyl transfer reaction may be monitored 
in real time by following the fluorescence of 2-AP, allowing the detection of transient intermediates along 
the reaction pathway that are inaccessible through traditional radioactive assays. Previous studies with 
Klenow fragment [Kuchta, R. D., Mizrahi, V., Benkovic, P. A., Johnson, K. A., & Benkovic, S. J. (1987) 
Biochemistry 26, 8410-8417] have revealed the presence of a nonchemical step prior to chemistry and 
have identified this conformational change as the rate-limiting step of correct nucleotide incorporation. 
During correct incorporation, phosphodiester bond formation occurs at a rate greater than the conformational 
change and has not been measured. However, during misinsertion, the rate of the chemical step becomes 
partially rate limiting and it becomes possible to detect both steps. We have successfully decoupled the 
chemical and conformational change steps for nucleotide insertion by KF using the misincorporation 
reaction, and we present direct spectroscopic evidence for an activated KF'-DNA-dNTP species following 
the conformational change step which features hydrogen bonding between the incoming and template 
bases. In addition, we have utilized these same experiments to demonstrate the existence of a similar 
nonchemical step in the mechanism of dNTP incorporation by bacteriophage T4 DNA polymerase. This 
study provides the first direct evidence of a conformational change for T4 polymerase and emphasizes 
the importance of this step in a general polymerase kinetic sequence. 
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DNA polymerases are a family of enzymes responsible 
for the faithful duplication of DNA, in vivo. Though 
individual polymerases differ in their size, structure, require- 
ment of accessory proteins, and role in DNA replication, their 
fundamental purpose is to catalyze the nucleotidyl transfer 
reaction— the addition of dNTPs onto the end of the growing 
DNA chain. Polymerase-mediated primer extension has been 
the focus of several studies in recent years aimed at gaining 
insight into the high fidelity achieved by this group of 
enzymes. These studies include extensive kinetic charac- 
terization of the polymerization mechanism for Escherichia 
coli Pol I and Klenow fragment (McClure & Jovin, 1975; 
Bambara et al., 1976; Bryant et al., 1983; Mizrahi et al., 
1985, 1986a.b; Kuchtaet al., 1987, 1988; Egeret al., 1991; 
Dahlberg & Benkovic, 1991; Eger & Benkovic, 1992) and 
bacteriophage T4 and T7 DNA polymerases (Patel et al., 
1991: Wong et al., 1991; Donlin et al., 1991; Capson et al., 
1992). Recent reports from our laboratory (Kuchta et al., 
1988; Dahlberg & Benkovic, 1991: Eger & Benkovic, 1992) 
have established a minimal kinetic mechanism governing 
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both correct and incorrect nucleotide incorporation for the 
Klenow fragment of E. coli Pol 1. A significant feature of 
the mechanism is the proposed confomiational changes prior 
to and following the chemical step of incorporation. Evi- 
dence for these conformational changes was obtained through 
a series of rapid quench experiments utilizing traditional 
radioactive assays. However, this type of assay is limited 
by the fact that it only measures product formation and 
cannot directly detect the presence of transient intermediates. 

In this paper we describe a fluorescence-based continuous 
assay utilizing the nucleotide analog 2-aminopurine (2-AP).* 
The relatively high intrinsic fluorescence of 2-AP coupled 
with its extreme sensitivity to the surrounding environment 
(Ward et al., 1969; Guest et al., 1991; Bloom et al., 1993, 
1994; Hochstrasser et al., 1994; Raney et al., 1994) provide 
a unique look into discrete steps along the reaction pathway. 
The data presented clearly demonstrate the ability to directly 
detect the previously documented conformational change in 
Klenow fragment, and they provide the first evidence for 
the existence of such a step in the bacteriophage T4 DNA 
polymerase mechanism. 



' Abbreviations: Pol I. f . coli polymerase I; KF. Klenow fragment 
of pol I: KF cxo*, iD335A. E357A)'exonuclease deficient mutant of 
KF; DTT, dithioihreiioi: EDTA. eihyienediamineieOTUicetic acid, sodium 
salt; dNTP. deoxynucieoside 5'-triphosphate; T4 exo", D219A exonu- 
clease deficient mutant of bacteriophage T4 DNA polymerase. 
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EkPERIMENTAL PROCEDURES 

Materials, Radioactive nucleotides [a-^-P]dATP, [y-^^?]- 
ATP, and [a-^^P]TTP were purchased from New England 
Nuclear. T4 polynucleotide kinase was supplied by United 
States Biochemical (USB). Unlabeled, ultrapure nucleotides 
were obtained from Pharmacia. The (5p)-dATPaS was 
synthesized by Dr. Jin Tann Chen. All other materials were 
of the highest purity commercially available. 

Klenow Fragment. The Klenow Fragment (KF) exo" 
(D355A,E357A) was purified according to published pro- 
cedures (Derbyshire et al., 1988) and then further purified 
by column chromatography using a BioRex 70 (Bio-Rad) 
anion-exchange resin which had been equilibrated with 10 
mM PIPES, pH 7.0, and 1 mM DTT (PD buffer). The 
protein was eluted with a 1-L linear gradient 0-1 M NaCl 
in PD buffer. Fractions containing KF exo" (determined by 
A27i) were combined, dialyzed against 50 mM HEPES, pH 
7.4, and 1 mM DTT, diluted 1:1 with 100% ACS grade 
glycerol, and stored at -20 °C. The stock concentration of 
the KF exo" was determined by €278 = 6.32 x 10^ M~* cm"' 
(Setlow et al., 1972) and active site titration (see below). 
Both values were in close agreement. 

T4 D219A Exonuclease-Deficient Polymerase. The exo- 
nuclease-deficient mutant of T4 DNA polymerase (D219A) 
was purified as described previously (Frey et al., 1993) and 
stored at -70 °C. The concentration of the enzyme stock 
was determined by active site titration (Capson et al., 1992). 

Oligonucleotides. The I3-mer and 20-mer oligonucle- 
otides (see Figure 1) were supplied by Operon Technologies. 
An identical 20-mer except for the substitution of 2-ami- 
nopurine (2-AP) for thymine at position 7 was synthesized 
using the phosphoramidite method and will be described 
elsewhere. All oligonucleotide single strands (ss) were 
subjected to Hoefer gel purification as previously described 
(Capson et al., 1992) except that single strands were 
suspended in 25 mM Tris-acetate, pH 7.5, after desalting. 
DNA duplexes (13/20-mer and 13/20-AP) were purified on 
3-mm non-denaturing gels (20% acrylamide/lX TBE/no 
urea), recovered as previously described (Capson et al., 
1992), and quantitated as described below. 

Enzyme Assays. Klenow Fragment assays were carried 
out in 50 mM Tris-HCl, pH 7.5. T4 polymerase assays were 
done in a buffer system consisting of 50 mM Tris-acetate, 
pH 7.5. 60 mM KOAc, and 10 mM 2-mercaptoethanoL All 
reactions were carried out at 20 °C. The rapid quench 
experiments were performed on the instrument described by 
Johnson (1986). Fluorescence assays were done using an 
Applied Photophysics stopped flow spectrometer with an 
excitation wavelength of 310 nm and a band-pass of 10 nm. 
Emission was monitored by using a 330-nm cutoff filter. 
All concentrations are initial concentrations unless otherwise 
noted. 

Gel Electrophoresis. For radioactive assays, a W-piL 
aliquot was removed at each time point and combined with 
10 juL of gel load buffer (90% deionized formamide, Ix 
TBE, 0.25% bromophenol blue, and 0.25% xylene cyanol). 
Samples (7.5 fiL) were then separated on denaturing gels 
(20% acryIamide/8 M urea). Products were visualized and 
quantitated using the Molecular Dynamics Phosphorlmager 
and ImageQuant software version 3.3. 

Incorporation of cITTF hy KF i\\o~. The 13/20-AP 
substrate (0.75 uM) was preincubated with an excess of KF 
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exo" (3 piM) in one syringe of the rapid quench device, and 
then mixed with an equal volume of a solution containing 
MgCh (20 mM) and correct nucleotide, dTTP (80 /^M). The 
mixture was allowed to react for varying amounts of time 
(5-2000 ms) before being quenched with EDTA (0.5 M, 
pH 8.0). Products were separated and visualized as described 
above, and the quantities of each were calculated by 
determining the relative amounts of 13-mer and 14-mer, 
applying a 25% correction factor (vide infra), and multiplying 
by the DNA concentration (^M). 

Stopped Flow Fluorescence Assay of Polymerization by 
KF exo'. Excess KF exo" (6 fiM) was incubated with 13/ 
20- AP substrate (1.5 /iM), and the reaction was initiated by 
mixing with an equal volume of a solution containing MgCl2 
(20 mM) and dTTP (80 //M). Quenching of 2-AP fluores- 
cence was seen as an increase in signal voltage and was 
converted to concentration of DNA product by the factor 
illustrated in the caption of Figure 3. Multiple time courses 
were averaged (4-6 runs) to ensure proper signal to noise. 

Rapid Quench Assay To Monitor the Incorporation of 
dTTP by T4 D219A Polymerase. The concentrations used 
for this assay were identical to that used in the KF exo" 
assay. Polymerization was initiated by mixing equal volumes 
of the polymerase/DNA solution (E-D) and Mg-^*dTTP 
solution. The reaction was terminated at' various times by 
the addition of EDTA (0.5 M, pH 8.0). Products were 
analyzed and corrected as described above. 

Polymerization on I3f20-AP Substrate by T4 D2I9A 
Polymerase Followed by Fluorescence. Conditions for this 
experiment were the same as those used in the KF exo" 
fluorescence assay. Reactions were initiated in the stopped 
flow instrument by mixing equal volumes of the E*D and 
Mg-"''*dTTP solutions. The data from seven runs were 
averaged, and the fluorescence signal was converted to DNA 
concentration by the factor described in Figure 3. 

Stopped Flow Fluorescence Assay of the Misincorporation 
ofdATP opposite Template 2'AP by KF exo'. Excess KF 
exo" (6 or 8 juM) was preequilibrated with the 13/20-AP 
substrate (1.5 or 2 (M) in one syringe of the stopped flow 
device and pushed against an equal volume of MgCh (20 
mM) and incorrect nucleotide dATP (80 //M) from a second 
syringe. The data shown are an average of at least four 
consecutive runs. 

Radioactive Gel Assay of Misincorporation of dATP by 
KF exo~. In a total reaction volume of 220 //L, KF exo" (3 
liM) was incubated with 13/20-AP (0.75 jjM) in assay buffer. 
The reaction was initiated by the addition of MgCh-dATP 
(final concentrations of 10 mM and 40 jwM, respectively), 
and the time course was followed by removing 5-wL aliquots 
and quenching into 5 /^L of EDTA (0.5 M, pH 8.0) at 
variable time intervals. Load buffer (10 ^^L) was added to 
each time point aliquot, and the products were separated and 
quantitated as described above. 

Misincorporation ofdATP opposite Template 2-AP by T4 
D21 9 A Followed by Fluorescence. An excess of T4 D2 1 9 A 
polymerase (6 fiM) was preincubated with 13/20-AP sub- 
strate (1.5 //M), and the reaction was initiated in the stopped 
flow system by mixing with an equal volume of a solution 
containing Mg(0Ac)2 (20 mM) and dATP or dATPaS (1 
mM). 

Radioactive Assav ofT4 D2J9A Polymerase Misincorpo- 
ration opposite Template 2-AP. 13/20-AP (0.75 uM) and 
T4 D219A polymerase (3 ^(M) were preequilibrated in a total 
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1 3/20-mer substrate: 

5; ' TCGCAGCCGTCCA 

3 - AGCGTCGGCAGGTTCCCAAA 

13/20-AP substrate: 

5' - TCGCAGCCGTCCA 
3* - AGCGTCGGCAGGTAPCCCAAA 



thymidine base p£ S^^^^ deoxynucleosid. 



RESULTS 

aiymiiB (Sowers a al I9M u ^'^ P"" 
by Bloom et ^ (7993?^ 

.ion of ^ ■^r^'^^'^--^'^ 
™..al ^ Phase f„„oL byfsXYs":.^ ,M 




W. F,.y unpublished resuie) reminisceni of previous exne, 
ments With the normal . f^viuui exper 

1987- DahiK '^/20-mer substrate (Kuchta et al 

1987, Dahlberg & Benkovic, 1991; Eser & Benkovic 1992 
To « the bur., rate of incorporatior, moraccmteh 
an expenment with excess enzyme over 1 ^/^n ad u ^ 

course is shown in Figure 2 tZaI resulting time 

dt^ArT'' from single-stranded to 

I X w ^ ? """" documented (Bloom et a]., 1993 

'991; Hochstra ser « 
iS' iin,t' "^^^^ P^P^ti". 'Jong wiA 

1 n -^"^ '° "'^ "'""^"y occurring deoxyadenosTn* 
foreten Its use as a spectroscopic probe of polymerase ac^n 

.Wn^ Tk'"'°".'"''=''°" "'''^'^d ^ the stopped flow 
i^miment by mixing equal quantities of an E-D solution 

^■ rJ ^^nO-KV, 1.5 iM) and a Mg^^^rS 
monitored by the quenching of 2-AP fluorescence as thel^?/ 

rJ^TT' '""''"''^ '° '^/20-AP. The data shown L 
Figure 3 were converted to DNA concentration and fi, a 
single exponential, yielding a burst rate constant of 7 7 s"' 
U awe 1) This value is in close aereement with that 
determined from the radioactive gel assav and indicates that 
rhe same step is being measured in both --.avs. 
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Tabic 1: Rale Constants Determined by Fluorescence or Radioactive Assays for Nucleotide Incorporation 

fluorescence assay (s~') 

enzyme 



1st phase 



KFexo- 

correct incorporation 

incorrect incorporation 
T4 exo" 

correct incorporation 

incorrect incorporation (dATP) 

incorrect incorporation (dATPaS) 



0.17 ±0.08 



0.49 ± 0.02 



2nd phase 



radioactive assay (s~') 



7.7 ±0.1 
0.0025 ± 1.5 X lO--* 

228 ±5 

0.02±6 X I0-* 
0.010 ±5.2 X 10"* 



7.4 ± 0.7 
0.0025 ± 2 X 10-* 

220 ± 10 
0.021 ±5 X 10-* 
0.010 + 4 X 10-* 




time, s 

Figure 2: Incorporation of dTTP opposite template 2-AP as 
detennined by rapid quench kinetics. Excess KF exo" (3 fzM) was 
incubated with 13/20-AP (0.75 /fM), and polymerization was 
initialed in the rapid quench instrumenl by mixing an aliquot of 
this solution with an equal volume of a solution containing MgQi 
(20 mM) and dTTP (80 fiM). The reaction was quenched at various 
times by the addition of 0.5 M EDTA, pH 8.0 (final concn = 0.35 
M EDTA). Products were separated and analyzed as described in 
Experimental Procedures. Concentrations are initial concentrations 
unless otherwise noted. The data were fit to a single exponential 
with a rate constant of 7.4 s"*. 

Rapid Quench Assay of dTTP Incorporation by T4 D219A 
poL With the availability of the 13/20-AP substrate, another 
polymerase, T4 D219A pol (T4 exo"), was examined in an 
attempt to further detail the kinetic mechanism of dNTP 
incorporation (see Discussion). Preliminary rapid quench 
experiments revealed biphasic kinetics for nucleotide incor- 
poration opposite 2-AP by T4 exo" (M. W. Frey, unpublished 
results), similar to that reported previously (Frey et al., 1993). 
Conditions for the excess enzyme experiment were identical 
to those used in the KF exo" assay, and the time points were 
taken on the rapid quench instrument. The corrected data 
are shown in Figure 4. A computer fit to a single exponential 
provided a rate constant of 220 s"'. 

Fluorescence Assay of Polymerization by T4 D219A pal. 
Again, the conditions used for the KF exo" enzyme were 
applied to the T4 exo" and 1 3/20- AP experiment, T4 D2 19A 
(6 //M) was preincubated in the presence of 13/20-AP 
substrate (1.5 «M) in one syringe of the stopped flow 
instrument. The reaction was initiated by mixing an aliquot 
of the E'D solution with an equal volume of a Mg-MTTP 
solution (20 and RO «M, respectively) from a second syringe. 
The progress of the reaction was followed by the quenching 
of the 2-AP fluorescence, and the resulting change in O data 
converted to DNA concentration. The data and its fit to a 
single exponential are shown in Figure 5. The rate constant 
detemiined from the fluorescence assay, 228 s"*, is in close 
agreement with that of the rapid quench gel electrophoresis 
assav. 




time, s 

Figure 3: Stopped flow fluorescence assay of polymerization by 
KF exo". Excess KF exo" (6 juM) was preincubated with 1.5 
13/20-AP substrate (ED solution). Reactions were initiated by 
mixing an aliquot of the ED solution with an equal volume of a 
solution containing MgCh (20 mM) and dTTP (80 //M). The data 
shown are an average of six consecutive runs and have been 
converted to DNA concentration using the factor DNA (^M) = 
(^) -f- <I>o)/A<I>XDNA (initial 13/20-mer DNA concentration), where 
<I) = fluorescence intensity at time r, Oo is the initial fluorescence 
intensity, and A<I> is the total change in fluoresence intensity. The 
data were fit to a single exponential, and the rate constant was 
determined to be 7.7 s"' (Table 1). Unlike the radioactive assays, 
the DNA concentration is not corrected for the 25% unused material 
described in Experimental Procedures because it is not used by the 
polymerase and does not interfere with the calculation of product 
formation. 

Examination of the Misincorporation of dATP opposite 
Template 2-AP by Both Fluorescence and Radioactive Gel 
Assays, A tool for the further dissection of the polymeri- 
zation mechanism is the misincorporation reaction. The 
misincorporation of dATP opposite template 2-AP in the 13/ 
20-AP substrate by both polymerases (KF exo" and T4 
D219A pol) was evaluated by both fluorescence and radio- 
active assays. The data from two representative time courses 
are shown in Figures 6 and 7. The raw fluorescence signal 
for the misincorporation of dATP opposite 2-AP by KF exo* 
is shown in the inset of Figure 6. An interesting feature of 
this time course is its apparent biphasic nature. The 
experiment, which is carried out under single-turnover 
conditions (excess enzyme over 13/20-AP substrate), is 
expected to fit a single exponential. However, the data are 
best described by a double exponential (inset. Figure 6). The 
identities of these two phases will be discussed below. 

In contrast, the radioactive gel electrophoresis assay time 
course for the misincorporation of dATP opposite 2-AP by 
KF exo" (Figure 6, •) is not biphasic, and it is best fit to a 
single exponential with a misincorporation rate constant of 
ca. 0.002 s"* (Table 1). The second phase of the stopped 
flow fluorescence data which has been converted to DNA 
{/(M) is overlayed with the ge! assay data in Figure 6. The 
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Figure 4: Rapid quench determination of the incorporation of dTTP 
by T4 D219A (T4 exo"). Concentrations were identical with that 
used for the KF exo" (Figure 2). The reaction was initiated by 
mixing equal volumes of the two solutions and quenched at various 
times (5-150 ms) by the addition of 0.5 M EDTA, pH 8.0. (fmal 
concn = 0.35 M EDTA). Products were analyzed as described in 
Experimental Procedures. The resulting time course was fit to a 
single exponential, yielding a rate constant of 220 s"' (Table 1). 
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Figure 5: Fluorescence analysis of the polymerization by T4 
D219A. Conditions were the same as those used for the KF exo" 
fluorescence assay. Reactions were initiated in the stopped flow 
by mixing equal volumes of an ED solution (6 T4D219A 1 5 
x*^^"'*'^^ ^ Mg2+-dTrP solution (20 mM Mg(OAc)2; 
80 dTTP). The data shown are an average of seven runs, and 
fluorescence was converted to DNA CuM) by the factor illustrated 
in the caption of Figure 3. The data were fit to a single exponential 
the rate constant of 228 s"' is shown in Table 1. * 

data for both experiments are nearly identical, and the 
respective rate constants are equal within error (Table 1). 

Similar experiments were carried out using the T4 exo" 
enzyme and the 13/20-AP DNA substrate. For those assays 
utilizing dATP, the reaction profile for both the fluorescence 
and radioactive assays (data not shown) is best described 
by a siiTgle exponential, unlike the results obtained for the 
KFexo enzyme. However, when the a-phosphorothioate- 
substituted dATP is employed, the biphasic nature of the 
misincorporation reaction is again evident in the fluorescence- 
based assay (inset. Figure 7) but is absent from the 
radioactive assay (Figure 7, •). The fluorescence data are 
best fit by a double exponential, and the exponential 
component describing the second phase overlays with the 
radiolabeled assay in Figure 7. The rate constants derived 
from the overlayed phases are nearly identical (0.01 s"') as 
shown in Table 1. 
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Figure 6: (Inset) Stopped-flow fluorescence assay of the misin- 
corporation of dATP opposite template 2-AP by KF exo". Excess 
KF exo- (6 iM) was incubated with 13/20-AP subsume (1.5 /zM) 
and pushed against an equal volume of Mg2+-dATP solution (20 
mM and 80 ^M, respectively) in the stopped flow. The resulting 
time course was fit to the sum of two single exponentials. The 
identity of the initial burst is discussed in the text. The second 
phase of the fluorescence experiment was converted to DNA ^wM) 
(— ) and overlayed with the data from the radioactive gel assay 
data (•), indicating the second phase of the fluorescence assay time 
course is representative of product formation. Rate constants for 
both are on the order of 0.002 ± 0.0003 s"' and are identical within 
error. 
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Figure 7: (Inset) Stopped flow fluorescence assay of the misin- 
sertion of dATPaS opposite template 2-AP by T4 exo". Excess 
T4 exo- (6//M) and 13/20-AP (1.5 /iM) were preincubated in one 
synnge, and the reaction was initiated in the stopped flow by mixing 
with an equal volume of a Mg2+-dATPaS solution from another 
syringe. The resulting biphasic lime course was fit to the siim of 
two single-exponential functions. The second component of the 
fluorescence experiment was converted to DNA (/iM) as described 
in the caption of Figure 3 (— ) and is overiayed with the radioactive 
assay data (•). The rate constants derived for both are equal within 
error and are shown in Table i. 

DISCUSSION 

The kinetic mechanism by which DNA polymerases carry 
out nucleotide incorporation has been the subject of intense 
study for the past decade [reviewed in Johnson (1993), 
Echols & Goodman (1991), Wang (1991), Young et al. 
(1992), Romberg and Baker, (1992), McHeniy (1991), 
Richardson et al. (1987), and Carroll and Benkovic (1990)]. 
Several researchers have attempted to elucidate the polym- 
erization reaction pathway through the use of pre-steady- 
state and steady-state kinetic analyses which utilize radio- 
labeled substrates as a means of observing the progress of a 
given reaction. These experiments have provided great 
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insight into the discrete steps along the polymenzaiion 
pathway for several polymerases (Kuchta et al.. 1988; Patel 
et al 1991; Wong et al., 1991; Eger & Benkovic, 1992; 
Capson et al., 1992). However, there is a limitation to the 
radioactive gel assay, which only measures product foraiatton 
and does not detect transient intermediates along the reacnon 
pathway. In this paper we describe the use of the nucleoude 
analog 2-AP as a fluorescent probe of polymerase action. 
Previous reports have demonstrated that the kinetic mech- 
anisms of nucleotide incorporation by KF exo and T4 
D219A polymerase (T4 exo") remain unchanged compared 
to the wild-type counterparts (Kuchta et al., 1988; Prey et 
al 1993). The mutants were employed in the present study 
to avoid die complicating effects of exonuclease activity. 

The DNA template strand was synthesized substituting 
2-aminopurine 2'-deoxyribonucleoside at position 7, opposite 
the point of nucleotide insertion. The sensitivity of 2-AP 
fluorescence to its surrounding environment (Ward et al., 
1969- Guest et al., 1991; Bloom et al.. 1993. 1994; 
Hochstrasser et al.. 1994; Raney et al., 1994) provides a 
spectroscopic handle with which to evaluate nucleoude 
incorporation. Since the fluorescence can be monitored 
continuously during the course of the reaction, the possibiLty 
exists of detecting intermediate species. Previous studies 
in our laboratory have been aimed at delineating the kinetic 
mechanism of nucleotide incorporation by the Klenow 
fragment of Pol I (Kuchta et al., 1987, 1988; Dahlberg & 
Benkovic, 1991; Eger & Benkovic. 1992) and bactenophage 
T4 DNA polymerase (Capson et al., 1992; Frey et al., 1993). 
For the Klenow fragment, the minimal kinetic sequence is 
shown in Scheme 1. Of note is the rate-limiting step of 
processive synthesis, 50 s"', designated t+3. This step has 
been assigned to a conformational change preceding chem- 
istry for both correct (Kuchta et al., 1988; Dahlberg & 
Bcnlcovic. 1991) and incorrect incorporation (Eger & Ben- 
kovic, 1992). Experiments presented here directly illustrate 
the presence of such a conformational change preceding the 



chemical step of phosphodiester bond formation, and permit 
comment on the nature of the KF'-13/20-AP-dNTP spec.es. 

Recent work by Bloom and co-workers described fluo- 
rescence-based pre-steady-state measurements of the insertion 
of 2-aminopurine 2'-deoxyribonucleoside 5'-tnphosphate 
(dAPTP) into duplex DNA by Klenow fragment. However, 
no burst of nucleotide incorporation was observed in these 
experiments, making it difficult to interpret the ongin of the 
fluorescence transients. In contrast, our preliminary experi- 
ments with 2-AP present in the template strand of the DNA 
substrate exhibited biphasic kinetics under conditions ot 
limiting KF exo" (M. W. Frey. unpublished results). Studies 
were then undertaken to identify and measure the processes 
being observed by comparing the fluorescence and rapid 
quench kinetics assays. 

The 13/20-AP substrate was used in the traditional 
radioactive rapid quench assay in order to compare the burst 
rate of nucleotide incorporation into the 13/20-AP substrate 
with that of the standard 13/20-mer (50 s '). Utider 
conditions of excess KF exo" (to avoid the compUcatmg slow 
step of DNA dissociation) the rate constant for^dUf 
(correct) incorporation was found to be ca. 7 s . ap- 
proximately 7-fold slower than that on the normal 13/2U- 
mer The stopped flow fluorescence assay, m which the 
quenching of the intrinsic fluorescence of the 2-AP moiety 
was monitored, yielded, within error, a similar rate constant. 
In view of previous evidence, it appears that the quenching 
of AP fluorescence is associated with a confonmationai 
change followed by a rapid phosphoryl bond formation. 

Previous studies have shown that the 2-aminopurine is 
more soluble than the naturally occurring purines (Albert* 
Brown 1954); 10 times more soluble than adenuie. and lOlW 
times more soluble than guanine. The exclusion of water 
from the active site has been postulated (Petruska et al., 1988 
to magnify the differences in free energy between conect 
and incorrect base pairs and to account for the high fidehty 
observed for most polymerases. The 7-fold decrease m the 
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observed* rate here may reflect the exclusion of additional 
water molecules from the polymerase active site during 
incorporation opposite 2-AP. In turn, the conformational 
change may be responsible for the removal of water from 
the active site, and the presence of additional water slows 
the conformational change with respect to the 13/20-AP 
substrate. 

To obtain further direct evidence for the proposed con- 
formational change, a misincorporation reaction was em- 
ployed. Experiments by Eger and Benkovic (1992) had 
previously demonstrated that the chemical step in the 
misincorporation process was slowed as compared to that 
in correct incorporation. For correct incorporation, chemistry 
occurs at a rate greater than the conformational change step, 
and the two processes are not distinguished. However, 
during misinsertion, where the rate of the chemical step is 
rate limiting, it may be possible to observe both chemistry 
and conformational change steps using both assay methods. 

The misincorporation of dATP opposite template 2-AP 
was evaluated using both the fluorescence- and the radio- 
activity-based assays under conditions of excess enzyme. In 
the fluoresence experiment a double-exponential trace was 
acquired (Figure 6, inset). The radioactive gel electrophore- 
sis assay, which measures the formation of J4(A)/20-AP 
mismatched products at all points along the reaction pathway 
(Figure 6, •), is not biphasic, and it clearly matches the 
second component of the stopped flow fluorescence assay. 
Because no formation of a DNA product is associated with 
the initial phase found in the fluorescence assay, we believe 
this phase is representative of a change in the KF- 13/20-AP 
fluorescence prior to product formation and after nucleotide 
binding. [Kinetic simulations were carried out using Scheme 
1 and the rate constants reported previously (Eger & 
Benkovic, 1992) to demonstrate that the partial quenching 
of fluorescence associated with the initial phase was not due 
to simple collisional quenching by dATP of the ED species. 
This quenching would occur at the diffusion-limited rate of 
dATP binding, much faster than the observed rate of the 
initial fluorescence phase.] We therefore conclude that the 
partial quenching of 2-AP fluorescence observed in the 
misincoiporation of dATP is indicative of an enzyme 
conformational change that aligns the incoming nucleotide 
and DNA substrate with partial hydrogen bonding in a 
position poised for phosphodiester bond formation. This 
configuration presumably facilitates interactions between the 
electronically excited AP chromophore and neighboring 
DNA bases, resulting in the observed fluorescence quench- 
ing. The rate constant for the initial phase (0.17 s"'. Table 
1) is somewhat slower than that measured for the confor- 
mational change during correct incorporation and may be 
explained by an overall slowing of the reaction as a result 
of the formation of an incorrectly base paired product. 

Having demonstrated the ability to detect the previously 
documented conformational change of KF during nucleotide 
insertion, we attempted to identify a similar step for the 
bacteriophage T4 DNA polymerase. Previous attempts 
(Capson et al„ 1992) to obtain support for a conformational 
change in the T4 DNA polymerase mechanism were unsuc- 
cessful. Experiments to examine the incorporation of a 
correct nucleotide into the 13/20-AP substrate were carried 
out with the T4 exo" as described for the KF exo". The 
fluorescence and radioactive gel assays yielded rate constants 
of 220 and 228 s"*, respectively (Figures 4 and 5), a factor 



Table 2: Rates of Correct and Incorrect Nucleotide Incorporation 
by KF exo" and T4 Polymerase exo~ 



enzyme 


substrate 


nucleotide 


rale (s~') 


ratio 


KF exo" 


1 3/20-mer (correcll 


dATP 


50" 






9/20-mer (incorrect) 


dATP 


0.025- 


2 X \0- 




13/20-AP (correct) 


dTTP 


7.4 






13/20-AP (incorrect) 


dATP 


0.0025 


2.8 X 10^ 


T4 exo* 


13/20-mer (correct) 


dATP 


400* 






13/20-mer (correct) 


dATPaS 


200* 






14/20-mer*' (incorrect) 


dATP 


0.028 


1.4 X 10* 




13/20-AP (correct) 


dTTP 


228 






13/20-AP (inconrect) 


dATP 


0.020 


LI X 10* 




13/20-AP (incorrect) 


dATPaS 


0.010 





Data are from Eger and Benkovic (1992). * Data are from Capson 
et al. (1992). ''The sequence of this 14/20-mer is 

TGACGCACGTTCTC 

ACTGCGTGCAACAGACTACG 

(M. W. Frey, unpublished observations). 



of 2 slower than that measured for the normal 1 3/20-mer. 
The misincorporation reaction was again utilized to decouple 
chemistry and a conformational change. The experiment was 
first attempted using dATP (data not shown). Unlike the 
results obtained with KF exo~, the fluorescence assay was 
not biphasic and was best described by a single-exponential 
fit with a rate constant of 0.02 s'K The rate of misincor- 
porated product formation is an order of magnitude faster 
than that measured for the KF exo", suggesting that the 
failure to detect a conformational change witii T4 polymerase 
is due to the inoinsically higher rate of phosphodiester bond 
formation by this enzyme. 

In an attempt to further slow the rate of chemistry, the 
phosphorothioate analog, dATPoLS, was employed. The 
results shown in Figure 7 are very similar to those observed 
for the misincorporation by the KF exo". The fluorescence 
assay is again biphasic with the actual product formation 
(0.01 s~0 being described by the second-exponential com- 
ponent, much like that seen for the KF exo~, the 2-fold 
reduction in rate witii dATPoiS compared to dATP being 
the same as that previously determined for correct incorpora- 
tion by T4 DNA polymerase (Capson et al., 1992). The 
initial phase of AP fluorescence quenching (0.49 s~\ Table 

1) , is the first direct evidence for the existence of a 
conformational change in the kinetic mechanism of nucle- 
otide incorporation by T4 DNA polymerase. Consequentiy, 
the kinetic step observed for the correct incorporation by 
T4 polymerase may also represent a conformational change 
prior to chemistry. A summary of the direct comparison of 
rate constants for correct and incorrect nucleotide incorpora- 
tion on both substrates by both enzymes is presented (Table 

2) . The ratios for correct and incorrect insertion for both 
substrates are nearly identical, suggesting tiiat no overall 
change in mechanism has occurred. 

CONCLUSIONS 

In this paper we have demonstrated the usefulness of the 
nucleotide analog 2-AP as a fluorescent probe of polymerase 
mechanism. A comparison of the ratios of correct vs. 
incorrect nucleotide incorporation on either 13/20-mer or 13/ 
20-AP substrates for both polymerases indicates that no 
overall change in mechanism has occurred when 2-AP is 
substimted for thymine in the template. Rates measured with 
either the traditional radioactive assay or the fluorescence- 
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based assay are nearly identical. By monitoring the misin- 
sertion reaction, we have detected the presence of an 
intennediate species that exists prior to phosphodiester bond 
formation, providing direct spectroscopic evidence for the 
proposed KF'-DNA-dNTP species. Furthermore, examina- 
tion of T4 DNA polymerase by these methods has provided 
the first direct evidence of a previously undetected confor- 
mational change prior to chemistry and after nucleotide 
binding. The previous identification of a similar conforma- 
tional change with the Klenow fragment (Eger & Benkovic, 
1992; Dahlberg & Benkovic, 1991; Kuchta et al., 1988) as 
well as with T7 DNA polymerase (Wong et al., 1991) attests 
to the importance of this conformational change as a pivotal 
element in polymerase fidelity. This step, whether viewed 
as part of an induced fit mechanism for polymerase fidelity 
or as a necessary feature of nucleotide incorporation, acts 
as a discriminatory element in polymerase fidelity owing to 
its sensitivity to the nature of the nucleotide (complementary 
or noncomplementary to template strand). Differences in 
the rates of the conformational change step and in the 
chemical addition of nucleotides to the primer that have been 
observed for the KF exo" and T4 D219A polymerases may 
simply reflect the differing roles of these two polymerases 
in the cell, where the former serves as a repair enzyme and 
the latter as a replicative one. 
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,ol co^cia, solution, in W bufte, (O.IM Tns pH 9, 0.IM NaCl. .5 ^ MgClO 
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Observed in HPLC= in contrast with dtTP which wai hydrolysed to dTMP. The dN^ 
„„„ of .0.M, h. m buffer (as above, was ^ted with 5.1 of 
(,25U), widun 15UU, HPLC> showed complete hydrolysis to anew pr.*.ct ^ 2^)_ 
ThispLductwas distinct ^m »thentic4.thiothy,nidine' (R. .3.1 mn,' dte HS*.S 
data m-m- 2.5.1 (50./.,. (15%,, was consistent with 

thynidine. Ue ptoton coupled "P-NMR of the dNTP sample displayed a ,ua,.e. a. -l. .2 
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ppm (Pa) with Jph= 8.2Hz and Jpp=19H2. Upon selective decoupling of H3' (5.13ppm), 
the quartet collapsed to a doublet (J=19Hz) and upon Hs*, 5" decoupling (4.1 ppm), 
the signal remained unaffected. These data indicated a triphosphate chain at 3 'position, 
coirelated with a resistance to SVP and in favour of structure 2 for commercial dNTP. 
4-STTP Synthesis: To understand the origin of compound 2, and considering the 
reported S'^TTP synthesis\ one striking feature was the use of pyridine/(EtO)3PO mixture 
for phosphorylation (presumably to prevent glycosyl cleavage). Since the S^TTP used in 
ref 5 was prepared in (EtO)3PO alone, we tested the action of pyridine. S'^T * (SOjimol) 
in pyridine (24^1)/(EtO)3PO (150^1) mixture (0°C) was reacted with POCI3 (SOjil) for 5h. 
The main product was eluted on DEAE-sepharose with TEAB 0.1 8M (Rt=19.5mn)\ the 
coupled ^'P-NMR (doublet, Jph=7.3H2) and MS-(ES-) [(M-H)" 355.1(100%), 357.1 
(35%)] were compatible with 5'-chloro-5'-deoxy-S'^T-3'-phosphate structure. Similarly 
S^T was phosphorylated in (EtO)3PO alone, the main product eluted on DEAE-sepharose 
with TEAB 0.1 7M (Rt=7.7mn)l The ^'P-NMR and MS.(ES*) [(M-H)' 337.1(100%)] 
were compatible with 4-thiothymidine-5 '-monophosphate 2 structure. The S^TMP 2. was 
converted to S^TTP 1 by the carbonyl-diimidazole procedure\ the product (8.7^mol) was 
eluted on DEAE-sepharose with TEAB 0.38M (R^16.3mn)^ MS-(ES*): (M-H)" 497.1. 
The S^T was also phosphorylated by an alternate procedure* and yielded S^TTP as above. 

CONCLUSIONS: Pyridine induced the formation of 5 '-chlorinated nucleotide in the 
POCI3 phosphorylation, and reported S'^TTP data^ were questionable. Authentic S^TTP 
was synthesized and was incorporated in a polymerase assay (Pol I Klenow fragment). 

REFERENCES 

1. Kraszewski, A. ; Delort, A.M. and Teoule, R., Tetrahedron Lett, 1986. 27, 861-864. 

2. Lichrospher^ RP18E(5fi) 125x4, Eluant A: 4% ACN in 5mM TBAP 50mM Na2HP04 
pH6; B : ACN. 10 to 30%B in 20min, then 30 to 50%B in 5mn. Iml/mn. 

3. Same column. Eluant A: TEAB 50mM pH7; B : ACN, 0 to 60%B in 30mn. Iml/mn. 

4. Scheit, K.H. and Faerber, P. Nucleic Acids chemistry. Townsend, L.B. and Tipson, 
R.S. (Ed), John Wiley and Sons. 1978 , Vol.2, 793-799. 

5. Hofer, B and K6ster H. Nucleic Acids Res,, 1981, P, 753-767 and references herein. 

6. Ruth, J.L and Cheng, Y-C. MoL Pharmacol, 1981. 20, 415-422. 



t >nJCLEOSIDES & NUCLEC 



I- 



AN /N5/rt7 PlGLIV 
TOOL FOR THE 
PE 



Carlo Ballatore,^* Ch 

1. Welsh School of Pharm 
3XF, UK. 2. Rega Institi 



ABSTRACT: The pig liv 
vitro the first step of the m 
amino acyl phosphoramidt 
necessary but not sufficie 
predictive tool for the like 
Relationslup establishment 



Among the difiTerent ma5 
nucleosides, the phosphor; 
shown higher anti viral p 
nucleosides*. These are ty 
(So324)^ (FIG. 1). The r 
monophosphate (NMP) di 
- mediated first phosphor 
The metabolic pathways tl 
possible enzymatic steps 1 
hydrolysis of the carboxyl 
N bond. The PLE assay b 
involved in the generation 
described as a key ir 
phosphoramidate is a goo 



Copyright © 1999 by Marcel D 



(i) Tables, should be numbered and shpuf^ 
include a heading. When explanatory fogf 
notes are included they should be typed' at 
single-line spacing, and the table, togetherl 
with its footnotes must not exceed the"? 
normal page length. ''jig 
(j) Papers containing detailed photograph, 
may be printed on smooth-coated paper jl 
request for printing on smooth-coated pij. 
must be made at the time the manuscript! 
submitted, and a charge of $25 (£1 5) willl^ 
made. : riii ^ 

(k) Footnotes, including abbreviations a^ 
changes of address of authors, should be*^ 
indicated with superscript figures, and 
included in the references. nni 

References 

The citation of journals (abbreviated in 5. 
the style of 'Chemical Abstracts*), booksj 
and multi-author books should conforriii 
with the following examples (without anj 
further indenting). 



1- Razzell,W.E. and Khorana,H.G. (fpl^ 
Biochim. Biophys. Acta 28, 562-5^& 

2. Davidson,J.N. (1969) The BiochemSg 
of the Nucleic Acids, 6th edn. pp.j jfj'* 
1 78, Methuen, London. , . 

3. Burdon,R.H. ( 1 97 1 ) in Progress in' ?|i 
Nucleic Acid Research and Moleciil 
Biology. Davidson.LN. and Cohn.W.1 
Eds., Voll 11, pp. 33-79, Academic Pjri 
New York. 

Single-line spacing should be used through^ 
out, including between individual referehf 

Nomenclature 
As far as possible, authors should follow 
Recommendations of the lUPAC-IUB -".d^ 
Commission on Biochemical Nomenclature^ 
ind particularly the abbreviations for nucilwe 
icids, polynucleotides and their constituenF 
1 971) J. MoL BioL 55, 299-305. 

Reprints Jl^ 
A full list of pre-publication reprint pric^ 
can be found in the first January issue of « 
rhe journal and a reprint order form willj 
iccompany our notification of acceptang 
Df a manucscript. Thirty reprints are 
iupplied free of charge. 



Volume 9 Number 4 1981 



Nucleic Acids Research 



Enzymatic synthesis, ligation, and restriction of DNA containing deoxy-4-thiothymidine 



k Bemd Hofer and Hubert Koster 



I©. Institut fiir Organische Chemie und Biochemie der Univeisitat Hamburg, Martin-Luther-King-Platz 
6, D-2000 Hamburg 13, GFR 



t,- Received 5 January 1981 



/\.BSTRACT 

Phage f d RF I DNA"*" about 90^ substituted by deoxy-A-thio- 
thymidine (s^T^) in the codogenic strand vas synthesized by the 
simultaneous actions of DNA polymerase I and DNA ligase. While 
the rate of DNA synthesis was considerably reduced, the yield 
was not affected in the presence of s T^TP. Ttie conversion of 
RF II to RF I DNA by DNA ligase was even improved. This effect 
seems to be related with an altered ratio of affinity of poly- 
merase and ligase for the s^T^- containing substrate. The pre- 
sence of the base analogue in the DNA was verified independently 
by chromatographic and spectroscopic methods. The modified ge- 
nome could be cleaved by restriction endonucleases Hpa II 
(c/CGG)^ and Taq I (T/CGA)^, A number of the fragments produced 
showed altered mobilities under the conditions of polyacrylamide 
gel electrophoresis. 

INTRODUCTION 

Modified nucleic acids have proved to be useful tools for many 
purposes in molecular biology. For example, a large number of 
studies on nucleic acid-nucleic aci/d (e.g., 2-5) and nucleic 
acid-protein interactions (e.g., 6-15) have been published which 
made use of modified DNAs. Moreover site-directed mutagenesis 
can also be performed by the incorporation of nucleotide 
analogues into DNA (16) or RNA (l?). 

At present a limited number of modified nucleotides is 
available that can be enzymatically incorporated into nucleic 
acids of natural sequence. One of the positions in DNA not 
accessible to modification so far was the U-keto group of 
thymidine (T^) , which is of particular interest as it is in- 
volved in Watson-Crick base pairing. 

Enzymatic synthesis of alternating polymers containing 
deoxy-4-thio thymidine (s^T^) were reported several years £^go 
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39-41), they should also be versatile probes or precursors 
further DNA modifications. cursors fp^ 
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pTma ^nivrnpra<;e I and HIV-1 reverse transcriptase with values of '^ca./^m wiinin^^ ^ ^^^.^ ^^.^ duolexes makes possible a 



hin a lacior oi ~j tuv^w — — - - 
TMP into nucleic acid duplexes makes possible a 
i^iNrt puijniw«^^ - — nccnriated with incorporation oi Ho-lMr inio nuctciw a ^ 



The kinetics of nucleotide incorporation into 
duplexes have been extensively studied m attempt to 
understand the mechanism of action of DNA poly 
merases.' Recently, the role of hydrogen bonding and 
base pairing in the fidelity of DNA Polymerization has 
been debared.^ A nucleotide containing a difiuoro- 
toTuene shape analogue of thymine which lacks the 
ability to form any of the hydrogen bonds found nor- 
mdlv ii DNA base pairs, is enzymatically incorporated 
into DNA with good kinetics and high hdeht>.- 

4-Thiothymidine triphosphate^ (4S-TTP) is incorpo- 
S intrDNA Escherichia Coli DNA polymerase 
1 5 and synthetic oligonucleotides containing 4S-T have 
been used as probes of protein-DNA contacts.^ Sub- 
stUution of one oxygen of TTP by sulfur to fom 4S- 
TTP may result in modification of one of the two 
iydrogen bonds found in the product dA-T base pair 
?Fie n since the 1.68 A length of the C-S double bond 
ris^T is significantly greater than the 1.23 A len^h o 
the corresponding C-O double bond of tjymid ne^ 
Incorporation of one or two 4S-Ts into a short oligo- 
nucleotide duplex has little effect on the melting tem- 
perature or circular dichroism spectra, consistent with 
only minimal effects on duplex DNA structure.^" Rainan 
spectroscopy of oligonucleotide duplexes containing 4S- 
T indicates that the strength of the hydrogen bonds to 
4S-T is similar to that of normal Watson-Cnck hydro- 
sen bonds.*" There is other evidence supporting the 
existence of N-H- • -S hydrogen bonds* in general, but 

^:^3;^nding author. Tel.: +1-301-496-9893: fax: +1-301-402- 
OOOS: e-mail: jmsayerti'helix.nih.gov 



the exact orientation of the dA-(4S-T) base pair in a 
modified DNA duplex has not been determined. 

Substitution of sulfur for oxygen ^hift!,\he UV absor- 
bance maximum from 267 nm for TTP to 335 nm for 
4S-TTP, well removed from the background absor- 
bance of DNA. Furthermore, incorporation of 4b-l ir 
S a DNA template-primer duplex results in sig- 
nificant ^ypochromicity (Fig. 2), which fo^s the^^^^^^^^^ 
for a convenient, continuous non-radiochemical assay 
for DNA polymerization. 

The observed molar absorbance decrease at 340 nm is 
17=9770 M- cm-'.'" Incubations with duplexes 
Jesiened to incorporate 2, 3 and 4 residues" of 4S-T 
showed that AC increased linearly with the number of 
4S-T residues incorporated with a slope of 9770± 150 
M-' cm-' This linearity is consistent with our pre- 
^ously reported results with normal nucleotides^ 
However, the value of the hypochromiaty (Ac) aO40 
nm is much larger than the value of Ae at 275 nm or 
??P where the large background absorbance of the 
STATempla^^^^ also interferes with the assay 

?or 4sS^ the hypochromicity at 340 nm is much larger 
than its hypochromicity at 260 nm. 

Under processive conditions,' multiple nucleotides are 
under /»focesi. homopo ymer duplex 

TaT" P(dC n or?er7o determ'ine'the average 
t'^l'ro?f^^^^<^^^ incorporated into the product 
the template-primer duplex was '"eubated wtth 4S-T^^^^ 
nnH Klenow fragment until no more UV change was 
ob^er^S i diuble-stranded product was isolated by 
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precipitation with ethanol at 0°C to remove excess 4S- 
TTP. Comparison of the product absorbance at 260 and 
335 nm allowed calculation of the number of 4S-T 
residues incorporated. The most notable difference 
between 4S-TTP and TIP was a low overall incor- 
poration (only 4. 7 ±1.0 nucleotides) of 4S-TTP by 
intact Klenow fragment. In contrast, an average of 
approximately 35 thymidine residues are incorporated 
by intact Klenow fragment into this template-primer, as 
measured by filter binding assay of 'H-TTP incorpora- 
tion.^- (Note that the 20-mer primer presumably bmds 
randomly to template (average length 50 nucleotides), so 
that the overhang is random unless the primer can 
change its position on the template.) For 4S-TTP the 
relative rates of incorporation and exonucleolytic proof- 
reading apparently become approximately equal after 
incorporation of only a few 4S-T residues. In contrast, 
the incorporation rate is always much faster than the 
exonuclease rate for the natural substrate TTP, so that 
thvmidine is incorporated until the end of the homo- 
po'lymer duplex (or slightly beyond due to slippage). 
The mechanism resulting in lower incorporation of 4S- 
T into the duplex homopolymers by intact Klenow 
frasment is unknown, and may involve a decrease in the 
incorporation rate or an increase in the exonuclease rate 
with multiple, contiguous 4S-T residues, or a combina- 
tion of both effects. With exonuclease-free Klenow frag- 
ment, approximately 37 4S-TTP residues were 
incorporated into DNA after an overnight reaction, com- 
parable to the result with intact Klenow fragment and 
TTP. In general, a processivity of 20-25^= is observed for 
Klenow fragment depending on the template-primer. 
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Kinetic parameters for the processivc incorporation of 
4S-TTP and TTP into the homopolymers are given in 
Table 1. These results are consistent with the reported 
A-cat for TTP of 3.8 s"' obtained with the homopolymer, 
poly(dA)iooo(T)io.'** Sulfur substitution decreases by 
3.6-fold while decreasing /.'cat only slightly. The specifi- 
city constant A:cai//^ni shows that under these conditions 
4S-TTP is a somewhat better substrate than TTP for 
Klenow fragment. 

Results of the steady-state kinetics measurements under 
noii'processive conditions* where a single nucleotide is 
incorporated into a DNA 9/20-mer template-primer by 
Klenow fragment or into a RNA/DNA template-pnmer 
by HIV-1 reverse transcriptase (RT) are given in Table 
2. With Klenow fragment, both A'cai and K^n increase 
with 4S-TTP, resulting in no change in Arcai/^m relative to 
that of TTP. The observed, small increase in Kj^ may . 
reflect somewhat poorer binding of the altered substrate 
by the binary complex of enzyme and DNA duplex. The 
increase in k^ai suggests that the rate of dissociation of the 
oUaonucleotide product from the enzyme is increased 
upon incorporation of 4S-T relative to T, since this dis- 
sociation step is known to be rate limiting for the non- 
processive reaction of the normal nucleoside tripho- 
sphates with this same duplex.**^ 



Table 1. Sieady-siaie parameters for DNA polymcrizaiion by Kle- 
now fragment under processivc conditions with the homopolymer 
template-primer duplex, p(dA)4o-60 p(dT)2o' 



Substrate 



(MM) fccat (s-') 10-^ k^JKr, (M-' s-') 



f 




\ s 

N— H ^ 



TTP 
4S-TTP 



5.0 
1.4 



3.0 
2.3 



6.0 
15.7 



Figure 1. Base paired structures of dA-T and dA-(4S-T). 



^Kinetic measurements were conducted'^ with Klenow fragment using 
1 nM p(dA)4(^ p(dT)2o as template primer. Assays usmg 0-2-15 JiM 
^H-TTP (2 0 Ci/mmol) as substrate were done by radiochemical tiiter 
binding assay.»5 Assays using 0.5-50 4S-TTP as substrate were 
conducted by following the change in absorbance at 340 nm in 
microspectrophotometric cells. 




260 



300 340 
WAVELENGTH (nm) 



380 



TIME (s) 



ngure 2. UV spectral change (A, and time course (B) for incorporation of one 4S-TTP into ^J/^^^^^^^^^^ fo'^TdS-rnd 
R^iction conditions:'-^ (A) 52 nM 4S-TTP, 25 nM duplex and 40 nM exonuclease- free Klenow fragment, and (B) 5 i J i , ^ i 

10 nM Klenow fragment. 
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Table 2. Steady-state parameters for DNA polymerization by Kle- 
lorrragmen. and HIV- 1 reverse transcriptase (RT) under non-pro- 
ccssive conditions with short template-primer duplexes 



Substrate 



I0-' fccal/'^m 




:i;;,rophotometric assays with 10 nM Klenow frag™«=nj^7^^^- 

i.^HMerm ned with the radiochemical filter binding assay^^^ 
lion was dcterminea wim mc rou ^ried out under cond tions 

conducted under the same conditions with 5 ,M DNA-9^mer^RNA 20^ 
^-r n t-20 uM 'H-TTP (18 C /mmol) and 1,0 nM Hlv-l Ki. niv ' 
RT (MW UOOOO Da) consisting of equimolar amounts of subumts 
p66 and p51 was a gift from Dr. Samuel Wilson. 

To investigate further the nature of the rate determining 
iep for incorporation of 4S-TTP pre-steady-s a^e 
kinetics of the reaction were measured on a nisec time 
scale.'^ With related DNA duplexes nucleotide incor- 
poration by the Klenow fragment exhibits a burst • 
with a rate of 50 s"', which is much faster than product 
release. This fast burst step is assigned to a conforma- 
tional change in the enzyme that occurs after subs rate 
binding and before phosphodiester bond formation 
which is even faster.'^ A second slow conformationa 
change follows the bond-formation step before product 
relea^.'« The reaction of 4S-rrP showed no burst and 
proceeded with an initial incorporation rate of about Z-i 
s-' which is comparable to the rate of turnover m the 
steady state. A reasonable interpretation is that dissocia- 
tion of the oligonucleotide product is not appreciably 
slower than the preceding step(s) in the catalytic process 
for the Klenow fragment with 4S-TrP as substrate. Thus 
with 4S-TTP as substrate, there is no evidence for rate 
limiting dissociation of the oligonucleotide product 
from the enzyme, and either the conformational changes 
or bond formation may be at least partially rate limiting. 

With HIV-l RT, comparison of 4S-TTP with TTP 
indicates little or no change in and a small decrease 
in fcca, with a resultant decrease in fecat/A^m (.laDie i). 
The decrease in k^^ suggests a decrease m the dissocia- 
tion rate for the modified substrate, since product 
release is rate limiting for non-processive kinetics ot 
TTP with this polymerase also.''' However, this kinetic 
scheme may not apply to the 4S-TTP substrate (see 
above). 

In summary, the chromophoric substrate 4S-TTP is 
well suited for use in a rapid, continuous optical assay 
to replace slow and time intensive single-point radio- 
chemical assays for polymerase-mediated replication 
reactions in many applications such as enzyme punfica- 
iktion and high throughput screening. Oligonucleotide 



templates or nucleoside triphosphates containing the 
flTofescent analogue 2-aminopurine have also been used 

in continuous DNA Po'y'"^^^^ /^^Y^/,, /^^^^ 
little change (<4-fold for /r„ and <3-fold for k^JK^) 
" the steady-state kinetic parameters for enzymatic 
"corporation of 4S-TTP relative to TTP into a DMA 
duplexes under both processive and non-processive 
conditions. This is expected since X-ray crystallography: 
studies of the polymerase tertiary complex indicate that 
the polymerase has little interaction with the major 
groove side of the DNA at the insertion site." The tota 
extent of incorporation of 4-ST into a homopolymer 
primer by intact Kleriow fragment was much lower than 
that of T. This observation is presumably a result ot a 
slowing of the polymerization relative to the exonu- 
deaTLe in the'presence of the modified ohgonucleo 
tide, since similar extents of incorporation of 4-ST and 
T were observed with exo-Klenow frapnent where no 
Lonuclease activity is present. P^'^^^f y"^^.^!^^^^^^^^^^ 
of incorporation of a single nucleotide residue mto a 
synthetic template-primer by Klenow fragment under 
conditions that give a rapid burst of T incorpor- 
ation'^-'o provided no evidence for such a burst with 4- 
ST Thus, in contrast with the normal oligonucleotide a 
step other than dissociation of the ^ST modified oh- 
gonucleotide duplex from the enzyme may be rate 
determining. 
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protein bound to pRb translation products ^28K. but did not 
show "ncreased affinity for translation produrts ^56^ as seen 
;S-ElA(Fig,4a).Furtherp^^^^^^^^^^ 
and GSTAmyc protein was ^^sen^ed wUh a" m « ^^.^ 
pRb polypeptide that <?>"Xf „ot si^^^^^ d"^" ^"Seest 

ofthewild-type P'9'^''',^'^%'t^°lS7.myc protein pRb may 
that the binding sites for El A and c-m;^ proi y 

rnlde similar regions ^ "^c and D^^^^^^^ 

To investigate f-r'l^^S: .'^^f^n^^^^^ a competi- 
c„codedprote,.sb.nd 0 s^^^^^^ 16 (HPV-16) 

tion expenment. We usea num f k . strongly to 

E7 protein for ^XS hP^ 6^^^^^^ °^ "^^'l^ 
pRb". Bactenally synthesized "•'T^/° . „ the E7 protein 

ffadVnoSs £ A pScins have overlapping bindmg s.tes on 

''^^e C-terminal region of.pRb to -^potbi 
frequently deleted in human cancer ;^^;^J'^,t^„„ c-mye 
ity that in these tumour .^^"^J tesS hypothesis, we used 
protein and pRb is perturbed. ^ell line 

L,onedpRbcDNA l«.m th^^^^^^^^ 
which carnes a 3 -am.no-ac.d^ C t^^^^ 
(ammo acids 697-73Mef. 16, ^^^^^ ^ 

and mutant J82 pRb ^^s sud» m / ladder carcinoma 

e'l^rth'SsT ElA an^ GS?Am;/ with greatly reduced 
binds both GST-blA ' ,5 -n-jno-acid de etion 

affinity (Fig. 4c). We X alters the ability 

of pRb in the J82 carcinoma cell line greatly aiiers 
of pRb to bind to c-myc protein. 

Cresting parallel ^^-^^^^^ h^rjhoproteins 

adenovirus ElA genes. Boin „„cooene in transforma- 

that cooperate with an a«'vated onco^^^^^^^^ ^ 

^^T:S'lZ<^£rZL by shUg that 

to their ability to bind pRb - Our ^ 4,^^^;^ 

binding to control progression through the cell cycle. 
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Preferential DNA secondary^ 
structure mutagenesis in tli^| 
lagging strand of replication ^ ^ 
in £. coli 

Thuan Q. Trinh* & Richard R. Slndent 

Cincinnat i. Ohio 45267-0524. USA ^ --S^ 

tSate strand and misalignment «ith the Progm^r^^ 

^^e inlirmlttent looping of the Uggi«g ''"JJ^JeJ^ 

iTct that the lagging '^""tr/'' ' ^'^^me"^^^^ 
slngle-stxandedDNAje.^^^^^^^ 

an opportunity lor UIN A secoouaij-* «„i:«Jromic fraiSe 
alignment. Here we report o«r d««gn of aj^^^He ch|g 
to create an 'asymmetric Pa''"^^™" J,™ -nH^^ 
phenicol acetyltransferase ^^^^''[ff^^^^Si^^ 
with which the Insert was de eted f ^^.'^'^^^^^itf^ 
the orientation of the gene m the V^^^'^J^liT^^W 
that replication-dependent deletion between direct repeS 
occur preferentially In «he »agg«nB strand. /^^.^ 

Plasmid PBR325. a C?lEl-denved i^^«»^d ha^ 
tional origin of replicat.op and requires ^^^''^^^^f 
proteins for replication . T^%»""^i"gJ,'n.e^^^ 
amphenicol acetyltransferase 

pla« strand and the -^"-^"'^'"VKne ctanS 
Reversing the direction of the CAr|ene ch^ng 
ship between the coding strand and the leading*i 



t To'whom com»por»denee shouW b« ^ uboratortes: 
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pBIUZSpl 



< < <•••" 

gctcatccggAAnCCTATAEGAAnCTaattccgtatggca 



I pBR523pl tgccatacggAATTAGAATTCCTATAGGaaUccggatgagc 



pBR325nl gctcatccggAATTCGTCTGATGCACGaattccgtatggea 



pBR523nl tgccatacggAATTCGTGCATCAGACGaattccggatgagc 



FIG. 1 Nucleotide sequence of the plasmlds around the £<»™^te V* 
CAT eene of pBR325 and pBR523. Shown are the sequences of the 'deletion 
^«ert' (capM letters) and the surrounding CAT gene sequence (lowercase). 
Ss ^re ehen^lcally synthesized as fcoRI fragments and cloned Into 
To co^truct me pBR523 derivatives, the CAT gene was reversed 
SSnJ and'rellgatlng. A difference In the P^ll re« 

oatterns of pBR325 and pBR523 derivatives was used to screen potential 
PBR523 dor^s. The nucleotide sequence of all plasmlds was confirrr^dby 
DNA ^quencing. The various direct repeats are indicated by arrows at>ove 
^.mting in the direction of replication of the leading strand 
T?^ i^erted repeat in the pi Insert Is indicated by arrows below the 
sequence. 
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template strands of replication. Reversing the '"h" Ja^ 
reversing the insert within the CAT gene, preserves the relet on- 
ship betWeen the insert and flanking DNA sequence that might 
influence the frequency of mutation. , 
: The frequency of spontaneous deletion between d'^^ct repeal 
; represents the sum of all possible eyenu that «sult from 
homologous or illegitimate recombination. DNA repa^ 
:'Se!orerrorsofDNAreplication.Ifdelet.onbetween^^^^^^^^^ 

^ repeats occurs with equal frequency in the leading and lagging 
strands, there would be no effect of reversing the CAT gene^ 

. During replication, if deletion occurs preferentially either the 
leading or lagging strand, deletion might occur at d.flerem 
frequencies. For a 'symmetric deletion insert' the mechanmn 
of deletion or the DNA secondary structures that may be invol- 
ved in deletion will be the same in either the leading or laggmg 



A pBR325nl, Leading Strand 



J 



a - < < 

5' QctcatccggAATTCGTCTSATGCACGaattccgtatggca 3'^ 
3' cgagtaggccttaaGCAGACTACGTGCnAAggcataccgt 5 



b < < 

5' nctcatccggAATTCGTCTGATGCACGaattccgtatggca r 
y ^ CTTAAggcataccgt 5 

< 



strand Consequently, the frequency of deletion should be 
TchangS b; reversing the CAT gene. But for an Jsym^^^^^^^ 
deletion insert', the DNA secondary structures that may be 
involved in deletion will be different in the leading and lagging 
strands, and thus a different deletion frequency will be observed 
when the CAT gene is reversed. 

We have designed several 17- and IS-base-pair symmetnc and 
asymmetric deletion inserts and have shown that the/req"^"^y 
of deletion from the EcoKl site in the CAT gene PBRJ25 
can vary over more than a lOO-fold range in recA E. co k 
Reversion to chloramphenicol resistance (Cm;) occurs pnmanly 
by deletion between the direct repeats. ^^^^^^f^!^^' ^ 
sites, resulting in a restoration of the CAT 8^"^ (^.Q T^^^^ 
R.R.S.. manuscript in preparation). Here we -^-ne ^^^^ 
of reversing the CAT gene on the frequency of deletion of a 



Q pBR325nl. Lagging Strand. 



G C A 
T C 
A G 
G a 
T a 
C t 
T t 
Gc 

5' qctcatccggAATTCcgtatggca 3' 
CTTAAggcataccgt 5' 
< 

FIG. 2 Potential structural intermediates involved In deletion of a non- 
. palindromic symmetric deletion insert. A, Potential DNA secondary structure 
m »n the leading strand of pBR325nl containing a 'symmeUic non-panndromic 
■ insert*, a, Nucleotide sequence of the 17-bp nl Insert and flanking DNA. The 
I? ■ nl insert is in upper-case bold characters. The direct repeats are represen ed 
|i£ by arrows above the sequence, b, DNA replication of the first copy of the 



a 3' 



5' QctcatccggAAnCGTCTGATGCACGaattccgtatggc 
3' ?gagtaggccttaaGCA6ACTACGTGCTTAAggcataccgt 5' 



3' ?gagtagg?cttIILAGACTAC6T6CTTAAggcataccgt 5' 



C > 

5' gctcatccggAAHC 
3' cgagtaggcCTTAAggcataccgt 5 
cG 
t T 
t G 
a C 
a A 
G T 
C C 
A G A 



direct reoeat 5'GAATTC3'. C The template strand slips and second 
analogous to that desalbed above for the leading strena 
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symmetric (nl) and asymmetric (pi) insert (fig. 1). These 
PBM25 based plasmids Reverted to a Cm' phcnotype at frequen- 
cies of 2-44X lO"' Cm' revertants per viable ceU m the "j^A 
eoU strain DH5 (Table 1). Reversmg the CAT gene m me 
pByzTlsXasmiddidnotaltertheCm'reversi^ 
of the symmetric nl deletion insert. Ue Cm' reversion frequen- 
cies of two other symmetric deletion inserts (one non-paUn. 
dromic. n2. and one palindromic, pi) were also J' 
the gene was reversed (T.Q.T. and R.R.S.. manuscnpt .n p epar^ 
ation). When the CAT gene was reversed, the reversion 
frequency for the asymmetric pi deletion insert was reduced by 
about a fector of 20. This suggesU that deletion occurs preferen- 
tially in either the leading or lagging stra"-- . „^ 

The deletion inserts in the CAT gene are ^y"™'*"', "[.^.^T . 
me^c with respect to replication (fig. 1) and the P^t-' "l ^o 
misalienment that can lead to deletion (figs 2, 3). The ni aeie 
Snserrepresents a symmetric situation because mispaired 
SerSates'containing an unpaired J-P 
replication in the leading and lagging "ran^s (fi8 2). "H^e pi 
insert is asymmetric with respect to replication of the direct 
repeated and inverted-repeated elements (fig. D- As a con- 



sequence of this asymmetry, different DNA secondary struu 
may be involved in deletion in the leadmg and laggmg sig 
as explained in Fig. 3. In the leading strand of pBR3^ 
misalignment may involve the formation of a loop in the|0 
between the direct repeats (A). In the lagging strand, a h^ 
may form, stabilizing the misalignment of direct repea^ 
leading to deletion of the insert (B). The secondary strug 
which may occur at the 3' end of the leading strand of pBR3^ 
are those that could occur at the 3' end of the lagging strai^ 
pBR523pl. Similarly, events that could occur at the 3' cji 
the lagging strand of pBR325pl are those that could also^ 
at the 3' end of the leading strand of pBR523pl. 

Reversing the CAT gene in pBR325pl decreased th^^ 
reversion frequency by a factor of 20 (Table The sameti 
has been obtained in two other recA" strains HBlOl and^ 
This result is consistent with the frequency Of mutage 
differing between the leading and the laggmg strands. lj 
lagging strand of pBR325pl, where misalignment may be si 
ized by a hairpin, a deletion frequency of 44 x 10 wa^^^^^^^ 
In cases of nl and the lagging strand of pBR523pl. 
deletion may involve the formation of a loop, the reyci 



A pBR325pl. Leading Strand 



S pBR325pl, Lagging Strand 



> 



<<::::- ' < , , 

5' QctcatccggAATTCCTATAGGAATTCTaattccgtatggca 3 
3' JgagtaggccttaaGGATATCCTTAAGATTAAggcataccgt 5 



> 



< < 



b *op < ^ — — 

S; 9Ctc.tccggAATTCCTATACG^ATTCT.^U«^^^^^^^^^^^ 3, 

< 

bottom 



AT 
T A 
CG 
CG 
TA 
TA 
AT 
AT 
9C 

5' gctcatccgTaattccgtatggca 3' 
TTAAggcataccgt 5' 
< 



^ 5' gctcatccggAATTCCTATAGGAATTCTaattccgtatggca 3' .; 
r ?gagtaggccttaaGGATATCCTTAAGATTAAggcataccgt 5 , 

^ ^ 

3' ?SgUgg??SATATCCTT^^^ 

C > 

5' gctcatccggAATTCC 
3' cgagtaggcATTAAggcataccgt 5 

c6 

tA 

tA 

aT 

aT 

gC 

GC 

A T 
TA 




TT 

A C 
A T 
G a 
G a 
A t 
T t 
A c 
Tc 

5' QctcatccggAAnCCgtatggca 3' 
TTAAggcataccgt 5' 
< 



FKL 3 Potential structural intermediates involved In deletion of a patirwtrom.c asym- 
^trte d^etio^ insert A Potential DNA secondary structure in the leading sUand o 
S^ra2^1 cS^taining an 'asymrr^tric palindromic Inserf. a Nucleotide sequence of 
^18^ pi insert and flanking DNA. b. The direct repeats are represented bya^ows 
a^etf« sequence and the Inverted repeat Is Indicated by facing arrows below^ft 
ST^^reSn of the first copy of the direct repeat 5'AAnCC3' in s^le str^^d 
DNA b bottom. Replication In DNA in which the Inverted repeat has formed a hairpin 
r SutS^a sSSe may temporarily stop the replication fort.". Note t^^tthc sec^ 
^y of the direct repeat Is now base^)aired within the hairpin «^m. c T*;^ temp me 
sJips to anowmispairing between the second Oe t mosO copy ^\^J^^ 
reS on the template sUand and the first copy of the direct jepeat on the p^^eny 
Sm structSn* may form from either ^^^^^f^^^^^"^^^ 
TWs misalignment event requires formation of e kKjp of DNA » 
hairpin arm fil Potential DNA secondary structure In the lagging strand of pBR325pl. 



MM^use of W location of the Inverted Se' 
Tli^^rfeet hairpin am, m the ^"'P'"' f '^uC^^ 
ment.Hairpins inefudfom ^'"^^'^^^^^'^^^^^^ 

lunrtions hay* been shown»exist as stable structuresOTPf^^ ^ 

r strub,-*". Tl-'eonforma^^ 
the' Interaction with DNA polymerase. The structure as orawn ^ ., 
misiTiatch at the three-way JuncUoa 
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TABLE 1 The frequency of Cm' reversion mutations 



pBR325, natural orientation 



nl 



Plasmid 
pBR325pl 

pBR325nl 



Reversion 
frequency 

44xl0~"± 
20X10"* 
3.7xl0"*± 



0.9x10 



pBR523, CAT gene reversed 

Reversion 
Masmid frequency 

pBR523pl 2.0xl0*± 
0.9 xlO"' 

pBR523nl 2.7xl0"'± 
0.9x10'* 



To determine reversion frequencies. 25 ml of £ coli DH5 conUining the plasmids 
were grown to a density of 5 xlO* cells mP* in K medium containing 10 >tg ml 
tetracycline from 1 ml of an overnight culture. Reversion frequencies are the number 
of Cm' cells in the populatioa which is determined by plating a known number of cells 
on Luria plates containing tetracycline and chloramphenicol (25 jigml" each). Total 
viable cells were determined by plating on medium containing tetracycline. The frequency 
represents the average of 6-8 to Individual experiments In wrtiich the variation between 
experiments was typically within a factor of two. Analysis of plasmid copy number 
showed no detectable difference for any of these plasmids. The structure of the 
revertants was determined by digestion with fcoRl and analysis of the 129.bp Alu\ 
fragment which contained the fcoRI site, to establish the size of the deleUon to within 
about 2 bp. The DNA sequence of the region was determined for several revertants 
from each deletion Insert In >95% of the revertants examined for pBR325pl (and 
n2 and inserts) complete deletion of the insert and one copy of the direct repeat 
occurred For the nl plasmids and pBR523pl the revertants consisted of complete 
deletions In addition to sonve revertants which have not completely deleted the insert 
We examined 12-24 independent revertants for each plasmid. 



frequency was about 10-20-fold lower, or 2-3.7 xlO"^ con- 
sistent with the interpretation that misalignment stabilized by a 
hairpin has a higher reversion frequency than misalignment in 
which a loop is formed. Analysis of other inserts provides 
additional evidence in support of this interpretation (t.Q.T. and 
R.R.S., manuscript in preparation). Based on these results, if 
deletion between direct repeats occurred preferentially on the 
lagging strand, pBR325pl should have a higher reversion 
frequency than pBR523pl. The results suggest that misalignment 
leading to deletion may occur preferentially in the lagging strand 
and its template. 

Although our results are consistent with differential 
mutagenesis in the leading and lagging strands, we cannot 
exclude the possibility that differences in reversion frequencies 
are due to differences in the effects of orientation of these 
sequences on homologous or illegitimate recombination, or 
aberrant repair of spontaneous damage. As reversions frequen- 
cies were measured in recA~ strains homologous recombination 
should be minimal and there seems no reason to expect different 
rates of recombination in the insert when the whole gene is 
reversed. In addition, if such differences did exist, they might 
be expected to be seen with all deletion inserts. The correlation 
of deletion frequencies with potential for the formation and 
stability of possible replication intermediates therefore strongly 
supports the hypothesis that the observed deletion events are 
the result of replication errors (T.Q.T and R.R.S., manuscript 
in preparation). 

Eukaryotic cells repair DNA damage in active genes more 
efficiently than in inactive genes*°. In addition, a preference for 
repair of the transcribed strand has been demonstrated in both 
£. co/i** and eukaryotic cells*l As asymmetric DNA replication 
complexes are involved in eukaryotes*^ and prokaryotes* a 
difference in the rate of spontaneous mutagenesis in different 
strands might not be unexpected. An initial investigation did 
not reveal a large difference in the fidelity of misincorporation 
during DNA replication in an in vitro HeLa cells system**. Our 
results present the first evidence for differential mutagenesis in 
the leading or lagging strand of E. coli. □ 
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ERRATUM 



Homozygous prion protein 
genotype predisposes 
to sporadic 

Creutzfeldt-Jakob disease 

Mark S. Palmer, Aidan J. Dryden, J. Trevor Hughes 
& John Collinge 

Nature 352, 340-342 (1991) 

In this letter in the 25 July issue, the sentence beginning in line 
1 on page 341 should read: "Of the 22 CJD cases, 16 were 
homozygous for Met 129, 5 homozygous for Val 129 and only 
one was a heterozygote, while of the suspected CJD cases, 13 
were Met- 129 homozygotes, 4 were heterozygotes and 6 were 
Val- 129 homozygotes." The published version incorrertly 
referred to 11 Met-129 homozygotes. 



CORRECTION 



Received 12 March; accepted 10 June 1991. 
1. Glidtman. B. W 4 Ripley. L S. Proc natn Acad. Set U.S A 6X. 4046-4050 {19841. 



Novel myosin heavy chain 
encoded by murine 
dilute coat colour locus 

John A. Mercer, Peter K- Seperack, 
Marjorie C. Strobel, Neal G. Copeland 
& Nancy A. Jenkins 

Nature 349, 7 09-713 (1991) 

We have discovered frameshift errors made in the assembly of 
our published cDNA sequence affecting only the region of 
nucleotides 1138-1180, corresponding to amino acid residues 
367-379. The correct sequence is available on the EMBL 
database under accession number X57377, lelease 28. These 
errors do not affect the conclusions of the paper in any 
way. We thank D. Cheney, E. Espreafico;: R. Urson, and 
M. Mooseker for sharing unpublished sequence data. j 
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^Introduction 

Itwo basic approaches are now used in ^eiK±.g 
Ec acids: (1) the introduction of an end label 
oSoLcu/e and subsequent specific c e^ca 

ienzymatic digestion of Poly""^l^°^"^"i^r^„V 
SsTd on enzymatic synthesis using DN A and 
<NA polymerases [5-9]. In either case, th products 
^separated by thin-layer electrophoresr m P y 
livtoide gels with 7 M urea [1 .lO]. The disadvan 

th two methods have in common is abnor- 
^mobility of certain oUgonucleotides m elec ro- 
Pi^ comP-ion) which is -aBy attnbu 
hih^w stable secondary structure. These structurea 
2ns may be melted due to the high temperature of 

£^jilldifiedcytosmere.d.sm^ 
mixture of methoxyamine and bisulfite. Th s treat 
Wt destroys the formation of GC ^^^^^^^^^^ 
feus eliminates the effect of the «condan^ 

|n the mobiUty of DNA ^^^^'J^^'^^f'-ZlT 
Lnd that if cDN A synthesized on a template of 
kge MS2 RNA using reverse transcriptase m the 
iieLce of dideoxynucleoside triphosphates is 
^Tbja^dt such a'treatment. further elec^o^horetic 
ijiration is considerably improved and certain 
'nbiguities in the sequence are clarified. 
.Th'is strategy in eliminating the /compres^on^^f^^^^^ 
ten used earUer in RNA sequencmg J' 
^^mical modification that blocks the format °no 
"ccondarv structure is of universal sigmficance m gel 
iJncS^g determination of the primary structure of 

JWdeic acids. 
ipier/North-Holland Biomedical Press 



2. Materials and methods 

2.\. Materials r^^rnrV 
Phage MS2 RNA was a generous gift of Dr v 
Berzin' (Institute of Organic Synthesis, Latvian SSR 
Academy of Sciences). The oligonucleotide 
s'CTCATGTT" complementary to an intercistromc 
region between the genes for coat Protem and ^o^ 
rSa repUcase of phage MS2 was a f 
N F Sereeyeva and V. Veiko (Moscow State Umver 
1) PrS from the small subunit of Eschench. 
cSibosomes was prepared in the labora ory of 
r c v RrP^iler (? Konstantinov Institute oi 

dependent DNA polymerase was ^ S--^ ^^^^^^ 

P^o'fessor J. f «tSS?"pran^^^^^^^ 
cleoside triphosphates (dNT f) ana qi i 

triphosphates (ddNTP) were ?^J^^''^^^^J ^ 

BiocheLals. l-^Pl*!^^'^.^' ::fJcIItre 
r400 Ci/mmol), from the Radiochemical Centre 
rST). Reagents for electrophore- were^f^^^^^ 
Reanal (Hungary). All other reagents used m expen 
ments were of the highest purity grade. 

2.2. DNA synthesis in the presence of chain termi- 

The'relction was conducted in two variants: 

(1)'?; rcu^ation mixture (10 -tajjej^^^ 
Tris HCl(pH8.3).6mMMga2,4mMdithio- 

lerofXg MS2 RNA/ml. a AO-foW molar 
rxtslWthfprimer.5.MdKrP,^^^^^^^^^^^ 
one of the labeled triphosphates. ddNTP w^^^^^^ 
added to the incubation mixture at the following 

265 



1 : 



■ i 



1 



■■X:- 



E ' - 




Volumell4,numbei2 

• AATTV ATTV 21;ddATP:dATP, 
molar ratios: ddTTP-dyi-. /^i o 

4- 1 • ddGTP:dGTP. 1:1; ddCTP.dCTP. 2. 1 . me 
reaction was started by adding the enzyme 

of activity), and was Pe^;o™« fj^^^p 
min at 46'C. then the concentration of 3 dNTF 
Z raised to 100 mM. the dNTP for wh.ch 
ddNTP was added to 25 iM and ddNTP to the 
b^ratio. and 1 unit of activity of the en^^^ 
was added. The incubation was carried on for a 
further 1.5 hat 46°C. 
(2-, Sie incubation mixture (10 mD ^as the same 
^ Xh the exception of ddNTP. The incubation 
Tas for 12 min at 46-C with the foUowmg addi- 
Tn of a mixture containing 100 of th 3 
SStP 5 MM of the triphosphate for which h 
terminator was i^^^^^uced and ddNTP at he 
foUowing molar ratios: ddATP.dATP 10.1, 
rlrlTTP dTTP 5:l;ddCTP:dCTF.2.5:r, 
ddSp dGTP. 5:1. After incubation for 60 mm 
!t 46°C 1 unit of activity of the enzyme was 
d d a'ni the total mixture ^^.s incubated or^a 
further 60 min. Once the synthesis was ove . th 
amples were placed in ice. and the -atena w^ 
precipitated with ethanol addingyeast carrier tRNA 

23.Modiflcatiort with a mixture of methoxyamine 

and bisulfite r 
The dried samples were dissolved in 10 ^ of a 

solutionof 1.5 M -^^^^^^^r a 37=^^ 1 H The 
and 1 M Na.S.05 and kept for 4 h at 37 C U II- ^ 
Samples were diluted with water to 1 ml. 20 ng earner 
was added and the material was precipitated by 
Xg 1 :10 (v/v) cetyltrimethy— ^^^^^^^ 

After centnfugation at 6UUU rev ./nun 
pit was dissolved in 2 M NaCl and precipitated 
with ethanol; the precipitate was dissolved m 0.2 M 
rim acetate (pH 5.0) and again precipitated with 

ethanol. 

The precipitates were dissolved m 5 m1 ^^^'^^ 
5 a formamide with 0.01% xylencyanole was added. 
Th! Sure was heated at lOO'C for 1 min. cooled 
L^rerh^^dthenappliedtoth^^^^^^ 
resis in 10% polyacrylamide gel with 7 N^ure a^as 
performed as in [1]. The dimensions of the gel we 
60 X 20 X 0.06 cm. After electrophoresis th gel 
was covered with Saran-Wrap and exposed with RT-l 
X-ray film at -70°C. 
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Fie 1 Autoradiograms of a part of .he gel -th ^^^^J 
2.2.(1). (B) Samples " ^^''^^ U^^^^^^^ 
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of the gel with the sequgj 
ons of synthesis: sectiog^ 
rsis were treated with axft 
fitc. Electrophoresis w?^ 
• numbered from the! 
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). Results and discussion 

In contrast to DNA polymerase, reverse tran- 
riptase has higher affinity for dideoxynucleoside 
diphosphates (terminators) [12]. Therefore, for 
verse transcriptase to synthesize effectively suf- 
ciently long products (cDNA), the ddNTP: 

' ratio varies from 0.25 : 1 -1 0: 1 , whereas in the 
of DNA polymerase, the ratio is 100:1 
|9,13-16]. Moreover, this ratio must be determined 
|pr each terminator. If work is done with various 
atches of terminators and different templates, the 
bnditions of the synthesis must also be changed 
|13-16]. 

I Fig.lA shows part of the gel with a known 
gequence, A1675-G1738, of RNA phage MS2 [17]. 
fere, we preliminarily selected the ratio between the 
Ijrminator and the dNTP for each of the 4 pairs. 
Dwever, though we made an attempt to optimize 
he conditions, one can see that the intensity of the 
Iflbands varies among different tracks, thus compU- 
^ting the sequencing. Furthermore, bands common 
for all the terminators (1728, 1710, 1680) can be 
^discerned in several positions in the gel; these bands 
^do not make it possible to establish the nature of 
|bases in these positions of the sequence. 
Ij' We presumed that such common bands appeared 
pither as the result of stable secondary structure pres- 
^ent in these regions on the RNA template (thus com- 
plicating their transcription by reverse transcriptase), 
[or originated from 'compression' in the gel caused by 
kthe RNA template incompletely separated from 
|cDNA. However, attempts to get rid of these bands 
-^y either using alkaline hydrolysis of the RNA 
template (0.3 M KOH, 37°C. 16 h) or adding to the 
incubation mixture protein SI from the small subunit 
pf £ coli ribosomes that melts the secondary struc- 
Jiire of RNA was unsuccessful (not shown). 
H?. These common bands almost entirely disappear 
Mm all columns if fresh RNA preparations are used 
(fig. 2A). We believe that specific breaks appear in the 

molecule in the course of its storage; these 
.freaks account for significant 'structural stops' in 
^DNA synthesis. 



1^*6.2. Autoradiograms of the gel with the sequence of phage 
^2 RNA. (A) Conditions of synthesis: section 2.2.(2). (B) 
^^ples after cDNA synthesis were treated with a mixture 
[p^ Jnethoxyamine and bisulfite. Conditions of the electro- 
iiil^otesis and numbering of nucleotides were as in Hg.l. 
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As can be seen in fig.lB, if terminators are added 
at the beginning of the reaction (variant (1) section 
2 2) differences in the length of cDNAs produced 
are observed, besides differences in the intensity of 
bands in different tracks. In order to 
differences, v/e changed the conditions of cDNA 
synthesis (fig.2A). In this case, terminators were 
added 12 min after the beginning of the synthesis 
(variant 2. section 2.2). Under these conditions, the 
difference in the intensity of bands was considerably 
diminished, as well as that in the length of the 
products. The effectiveness of termination however 
did not change. The addition of terminators (with the 
increase in their relative content) sharply decelerated 
the synthesis; therefore the length of the products 
was predetermined mainly at the first stage of the 
reaction (without ddNTP) if terminators were added 
after the beginning of the reaction. 

Fig.2A shows that though considerable improve- 
ment has been achieved as compared to fig.l , the 
sequence can be read for a relatively short region and. 
moreover, some regions remain ambiguous 
(1703-1708. 1718. and upstream from 1670). 

In order to improve separation in the gel, we modi- 
fied cDNA with a mixture of methoxyamine and 
bisulfite which resulted in the selective and quantita- 
live conversion of cytidine into 5,6-dihydro.6-sulfo- 
A^^-methoxycytidine [18]. As can be seen m fig.lB, 
such a modification significantly improves the separa- 
tion of polynucleotides. The sequence is read easily 
and unambiguously; moreover, the sequence being 
read is much longer in fig.2B than in fig.lB, 2A, and 
reaches 150 nucleotides. 

As we have shown, the modification makes the 
secondary structure of tRNA and 5 S RNA unfold 
considerably, which may be attributed apparently to 
weakening of GC base pairs. As a result, 'compres- 
sions' caused by the secondary structure of RNA 
disappear from the sequencing gel. 

Therefore, the strategy for elimination of defects 
in electrophoretic separation of polyribonucleotides 
in [19] is appUcable, as has been shown here, for 
DNA and may be of universal significance in gel- 
sequencing of nucleic acids. 

The sequence of the region 1710-1580 sUghtly 
differs from that determined in [17]. According to 
our data, positions A,«9 and G|663 [171 are occupied 
by cytosines. Presumably, these differences may be 
attributed to strain differences in phage MS2. 
When this manuscript was in preparation, we 



discovered a publication [19] in which 'com'pre 
of the products of Qj3 replicase synthesis was^ 
nated by adding ITP rather than OTP as a pr ' 
to the incubation mixture. 
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